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Introduction 
Nuclear magnetic resonance spectroscopy (NMR) is a widely used analytical tool in 
different research fields ranging from chemistry and biology to medicine and material 
sciences. NMR enables chemical structure analysis with the ability to quantify analytes 
within a sample. It has high reproducibility and it is non-destructive to the sample. 
However, the major problem with NMR lays in its low sensitivity, which makes signal 
detection of dilute samples time-consuming and unreasonable or in some cases 
completely impossible. 

The sensitivity issue has been addressed by improving the hardware, software, and 
developing new measurement schemes. Regular NMR still has a limit of detection in 
micromolar concentration range, which is a problem as numerous compounds present 
in biological samples (e.g. urine) are more than an order of magnitude below that 
concentration. Advancements in engineering have introduced better equipment and 
magnets with stronger magnetic fields, nevertheless, these don’t offer orders of 
magnitude improvements in signal intensity compared to the 21st century modern high 
field magnets. 

On the other hand, the use of hyperpolarization techniques has had a significant 
impact on the advancement of NMR spectroscopy by improving its sensitivity. Among a 
variety of different hyperpolarization techniques, high-field non-hydrogenative PHIP  
(HF-nhPHIP) stands out for its robust setup. By using a singlet form of hydrogen gas, 
parahydrogen, NMR signal sensitivity is enhanced over 1000-fold and hence, allows the 
analysis of dilute samples. This thesis focuses on HF-nhPHIP, exploring its novel 
applications in analysing complex biological fluids.  

The thesis covers how HF-nhPHIP can be utilized to study biological fluids and what 
information can be drawn from the obtained NMR spectra. Chapter 3.1 explains in detail 
how the analytical accuracy of HF-nhPHIP was achieved (Publication I) and what are the 
requirements to move towards metabolomics analysis (Chapter 3.1.3, Publication II).  

Chapter 3.2.1 discusses how the chemoselectivity of HF-nhPHIP catalyst can be tuned 
to detect specific analytes. In Chapter 3.2.2, the application of HF-nhPHIP as a method to 
detect oligopeptides is discussed, acknowledging the difficulties involved in short peptide 
analysis (Publication III).  

A set of guidelines on what to consider when using HF-nhPHIP approach is given in 
Chapter 3.3. Different sample preparation techniques are presented, which can be used 
to employ the HF-nhPHIP in targeted and untargeted analysis of complex biological 
samples. The development of methodologies for targeted and untargeted analysis 
represents a promising advancement of using NMR in the fields of metabolomics, 
pharmaceutical industry, and non-invasive diagnostics.  

Chapter 3.3.1 presents a straightforward method for quick and easy signal assignment 
using a database (Publication IV).  

Moving beyond the analysis of human urine, Chapter 3.4 of the thesis discusses the data 
extracted from HF-nhPHIP spectra of canine and human urine samples (Publication V). 
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Abbreviations 
Ade adenosine 
ADP adenosine diphosphate 
AMP adenosine monophosphate 
ATP adenosine triphosphate 
DNP dynamic nuclear polarization 
dDNP dissolution dynamic nuclear polarization 
DFT density-functional theory 
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FVAPFP hexapeptide-11 consisting of amino acids Phe-Val-Ala-Pro-Phe-Pro 
GGYR papain inhibitor consisting of amino acids Gly-Gly-Tyr-Arg 
HF-nhPHIP high field non-hydrogenative PHIP 
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NMR nuclear magnetic resonance 
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ppm parts per million 
SABRE signal amplification by reversible exchange 
SPE solid phase extraction 
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YGGFL Leu-enkephalin consisting of amino acids Tyr-Gly-Gly-Phe-Leu 
1-mAde 1-methyladenosine  
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6N-mAde 6N-methyladenosine 
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1 Theoretical Principles 
1.1 Introduction to NMR Spectroscopy 

1.1.1 Principles of NMR Spectroscopy 
Magnetic resonance is a physical phenomenon where atomic nuclei or electrons respond 
to magnetic fields by emitting or absorbing electromagnetic radiation. In nuclear 
magnetic resonance, we consider the electromagnetic interactions of a nucleus.  

The nucleus of an atom has electromagnetic interactions with its surrounding – 
electrostatic because of charge, and magnetic because of magnetic dipole moment 
determined by nuclear spin quantum number. Depending on the number of protons and 
neutrons, the nucleus may have a zero or a non-zero nuclear spin quantum number (𝐼𝐼). 
If the number of protons and neutrons is even, the nuclear spin quantum number is 
𝐼𝐼 = 0 (12C, 16O). However, if the number of protons and neutrons is odd, the nuclear 
spin quantum number can have an integer, e.g. 𝐼𝐼 = 1 (2H) or a half-integer value, e.g. 
𝐼𝐼 = 1/2 (1H, 13C, 15N), 𝐼𝐼 = 5/2 (17O). A nucleus which has a non-zero nuclear spin 
possesses a magnetic dipole moment (Figure 1).1  

The nuclear magnetic moment (or nuclear magnetic dipole moment), μ is a vector 
quantity that represents the strength and orientation of a nucleus’s magnetic field. 
It depends on the nuclear spin angular momentum �̂�𝐈, and nucleus specific gyromagnetic 
ratio 𝛾𝛾 (Equation 1).  

𝝁𝝁 = 𝛾𝛾𝑰𝑰�
(1) 

The nuclear magnetic dipole moment determines how nuclei interact with external 
magnetic fields. When a nucleus with a non-zero magnetic moment is placed in an NMR 
magnet, it experiences a torque that tends to align its magnetic moment with the field. 
Because of the nuclear magnetic dipole moment and the nuclear spin states, the energy 
levels become quantized (distinct). The number of possible energy levels is determined 
by 2𝐼𝐼 + 1 from Zeeman splitting (Figure 2). The quantization of energy levels is a 
fundamental aspect of quantum mechanics and is crucial for phenomena such as nuclear 
magnetic resonance (NMR) and electron spin resonance (ESR). In NMR, transitions 
between these quantized energy levels occur when the nucleus absorbs or emits 

Figure 1. The nuclear magnetic dipole moment μ is determined by the nuclear spin angular 
momentum 𝑰𝑰� and nucleus specific gyromagnetic ratio 𝛾𝛾. 
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electromagnetic radiation of a frequency that matches the energy difference between 
the levels.  

The mathematical description of the interaction between spin and magnetic fields is 
given by Hamiltonians. The nuclear spin Hamiltonian, denoted as 𝓗𝓗�, represents the total 
energy operator for a system of nuclear spins and describes how the energy levels of the 
nuclear spins are affected by various interactions within the system (2).  

𝓗𝓗� = 𝓗𝓗�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝓗𝓗�𝑚𝑚𝑚𝑚𝑚𝑚 
(2) 

It turns out that for nuclei with the nuclear spin quantum number 𝐼𝐼 = 1/2, electric 
interactions vanish, 𝓗𝓗�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 0, as they do not depend on the orientation of the nucleus.1 
Therefore, for spin=½ nuclei, e.g. 1H, 13C, 15N, 31P, common atoms present in biological 
substances, only magnetic interactions, 𝓗𝓗�𝑚𝑚𝑚𝑚𝑚𝑚, need to be considered.  

In the case of protons, which have 𝛾𝛾 > 0, the nuclear magnetic energy is lowest when 
the magnetic moment μ aligns with the magnetic field 𝐁𝐁, and highest when the magnetic 
moment is in the opposite direction.1 

𝓗𝓗�𝑚𝑚𝑚𝑚𝑚𝑚 = −𝝁𝝁 ∙ 𝑩𝑩 
(3) 

Conventionally, the external magnetic field 𝐁𝐁0 generated by the NMR magnet is along  
𝑧𝑧-axis (Cartesian coordinates) and the minimal nuclear magnetic energy Hamiltonian is 
simply  

𝓗𝓗�𝑜𝑜𝑜𝑜𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜 = −𝛾𝛾𝐵𝐵0𝐼𝐼𝑧𝑧 
(4) 

where 𝐼𝐼𝑧𝑧 is a quantum mechanical operator that represents the component of nuclear spin 
angular momentum along the direction of the external magnetic field. The wavefunctions 
of this Hamiltonian are described by the eigenfunctions. There can be 2𝐼𝐼 + 1 
wavefunctions for the quantum mechanical operator 𝐼𝐼𝑧𝑧. Eigenfunctions are dependent 
on the quantum number 𝑚𝑚, which can have values from −𝐼𝐼 to +𝐼𝐼 in integer steps.2 This 
means that for spin=½ nuclei, 𝑚𝑚 can be either −1

2
 or + 1

2
 resulting in two eigenfunctions, 

𝜓𝜓+12
 and 𝜓𝜓−12

. The eigenvalues of these eigenfunctions are the available energy levels. 

For convenience the energy levels are labelled as 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽: 

  
𝐸𝐸𝛼𝛼 = −

1
2
ℏ𝛾𝛾𝐵𝐵0  

(5) 

𝐸𝐸𝛽𝛽 = +
1
2
ℏ𝛾𝛾𝐵𝐵0 

(6) 

The energy difference between the allowed energy levels 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽 is related to the 
Larmor frequency 𝜔𝜔0 (in rad s-1) of a nucleus. Larmor frequency is proportional to the 
external magnetic field (Equation 7). 

𝜔𝜔0 = −𝛾𝛾𝐵𝐵0 
(7) 



13 

Expressed in hertz (Hz), Larmor frequency 𝜐𝜐0 is defined as  

𝜐𝜐0 =
−𝛾𝛾𝐵𝐵0

2𝜋𝜋
 

(8) 

When spin=½ nuclei are placed in a magnetic field (like NMR magnet), Zeeman 
splitting introduces two energy levels: 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽 (Equations 5 and 6), where spins tend 
to align either parallel (𝛼𝛼-state) or antiparallel (𝛽𝛽-state) with respect to the magnetic field 
(Figure 2). The population difference of nuclear spins aligned with or against an external 
magnetic field determines polarization (Equation 9). Higher polarization means there is 
a greater difference between the populations of the lower and higher energy nuclear 
spin states, leading to an enhanced NMR signal. Polarization is described by 

𝑝𝑝 = 𝑠𝑠𝑠𝑠𝑠𝑠(𝛾𝛾)
𝑁𝑁𝛼𝛼 − 𝑁𝑁𝛽𝛽
𝑁𝑁𝛼𝛼 + 𝑁𝑁𝛽𝛽

 

(9) 

where 𝑁𝑁𝛼𝛼 and 𝑁𝑁𝛽𝛽 represent the number of spins in the respective state and 𝑠𝑠𝑠𝑠𝑠𝑠(𝛾𝛾) is 
the sign of gyromagnetic ratio. 
 

The nuclear spins’ tendency to align with the external magnetic field gives rise to net 
magnetic moment, also referred as longitudinal magnetization 𝐌𝐌 (Figure 3a). It is the 
vector sum of the individual magnetic moments of the nuclei with a non-zero spin. This 
net magnetization is central to NMR, as its manipulation through radiofrequency (RF) 
pulses and its subsequent relaxation produces the NMR signal. RF energy is used in NMR 
because it induces transitions between energy levels 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽 without causing other 
types of molecular excitation.  

To manipulate the aligned spins, a short-duration RF pulse is applied perpendicular to 
the static magnetic field 𝐁𝐁0 and the longitudinal magnetization 𝐌𝐌. The frequency of this 
RF pulse will be approximately equal to the Larmor frequency of the nuclear spins. On 
resonance RF pulse generates a magnetic field, which exceeds the B0 field. This effectively 
tilts 𝐌𝐌 away from its initial alignment. The angle of rotation is determined by the duration 
and strength of the applied RF pulse.  

 

Figure 2. According to Zeeman splitting spin=½ nucleus has 2 1
2

+ 1 = 2 energy levels 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽, 
when placed in an NMR magnet with a magnetic field 𝑩𝑩0. At thermal equilibrium spins form an 
anisotropic distribution with a bias towards low magnetic energy state, which for 𝛾𝛾 > 0 like 1H 
nucleus is 𝐸𝐸𝛼𝛼. This partial orientation along the magnetic field follows Boltzmann distribution and 
determines the level of polarization in the sample. The polarization increases as the strength of the 
external magnetic field increases. 
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The simplest NMR experiment uses a single 90° pulse. The spins are initially coherently 
aligned with 𝑧𝑧-axis (Figure 3a). After applying a 90° pulse (𝜋𝜋/2 radians), they experience 
a rotation about 𝑥𝑥-axis, the net magnetization of spins will be along −𝑦𝑦-axis (Figure 3b). 
This creates a transverse magnetization. Initially, spins will precess around the 𝑧𝑧-axis at 
the Larmor frequency, but after a while, they will lose their coherence. This makes the 
transverse magnetization decay and longitudinal magnetization form along the 𝑧𝑧-axis 
due to spins realignment with the magnetic field (Figure 3c). During this process, 
oscillating magnetization vector 𝐌𝐌 generates detectable electric current in the receiver 
coil. This electric current can be drawn as a decaying sine wave as the nuclei realign.  
The wave is called free induction decay (FID) and is detected in time-domain by the NMR 
receiver coil, after which it is transformed to the frequency-domain using Fourier 
transformation to generate a conventional NMR spectrum. 

 

 

Figure 3. (a) Atomic nuclei partially align with the external magnetic field 𝑩𝑩0 and create a net 
magnetic moment, 𝑴𝑴. (b) A short-duration radio frequency pulse rotates 𝑴𝑴 to the 𝑥𝑥𝑦𝑦-plane, 
creating transverse magnetization. The field 𝑩𝑩0 generates torque on 𝑴𝑴 and makes nuclei precess 
at Larmor frequency. (c) After a while, spins lose their coherence, transverse net magnetization 
decays, and spins realign with 𝑩𝑩0. During that process, oscillating magnetization vector creates 
electric current, which is detected in the receiver coil to get a spectrum. 

1.1.2 NMR Spectrum 
The electrons orbiting nuclei generate a secondary magnetic field that opposes 𝐁𝐁0, 
effectively diminishing the magnetic field strength directly experienced by the nucleus. 
This slightly attenuated magnetic field is termed the effective magnetic field, 𝐁𝐁𝑒𝑒𝑒𝑒𝑒𝑒, and 
its strength varies among atoms with different chemical environments, influenced by the 
electron density surrounding the nucleus. The presence of neighbouring electronegative 
atoms (e.g., F, O, N, Cl, Br, etc.) that withdraw electrons modify the chemical 
environment surrounding the nucleus. In NMR, the phenomenon is known as shielding.  

Because of the shielding effect, the structure of a molecule can be determined as 
different functional groups (e.g. CH3, CH2, OH) resonate at slightly different frequencies. 
To compare the frequencies of those functional groups without depending on the 
magnetic field strength chemical shift is used. The chemical shift δ is quantified in parts 
per million (ppm) as the difference between the resonance frequency of a nucleus (𝜐𝜐) 
and the reference frequency (𝜐𝜐𝑟𝑟𝑒𝑒𝑒𝑒), often using tetramethylsilane (TMS) as the reference 
(Equation 10). 

𝛿𝛿 = 106 ×
𝜐𝜐 − 𝜐𝜐𝑟𝑟𝑒𝑒𝑒𝑒
𝜐𝜐𝑟𝑟𝑒𝑒𝑒𝑒

 

(10) 
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Chemical shifts are useful for distinguishing between different chemical environments 
within molecules and determining molecular structures (Figure 4). The range of chemical 
shifts varies significantly among atoms, with typical ranges being 0–10 ppm for 1H, 
0–200 ppm for 13C, and −250 to 250 ppm for 31P. The stronger the magnetic field, 
the greater the separations between chemical shifts. For instance, if the chemical shift 
difference between two NMR peaks is 1 ppm, at 4.7 T magnet (from Equation 8) 1H Larmor 
frequency is 200 MHz) this difference translates to a frequency separation of 200 Hz. At 
18.8 T (800 MHz), the separation increases to 800 Hz, and at 28.2 T (1.2 GHz), it further 
increases to 1200 Hz. Thus, higher field magnets enhance resolution, facilitating more 
precise differentiation between closely related chemical environments within a molecule.  

Besides chemical shift, spin-spin coupling, also known as J-coupling or scalar coupling, 
helps to unravel the NMR spectrum by providing detailed information about the molecular 
structure and the environment of nuclei within a molecule (Figure 4). Spin-spin coupling 
arises from the indirect interaction between the magnetic moments of nuclei through 
the bonding electrons that link them. The coupling constant J, which is measured in hertz 
(Hz) quantifies the strength of the spin-spin coupling. The value of J provides information 
about the spatial relationship and the bonding environment between the coupled nuclei, 
as it depends on the bond angle, bond length, and the type of atoms involved. Spin-spin 
coupling leads to the splitting of NMR signals into multiplets (doublets, triplets, quartets, 
etc.), depending on the number of neighbouring nuclei (𝑠𝑠) with which a nucleus is 
coupled, and their spin quantum numbers (𝐼𝐼). The number of peaks in a multiplet is given 
by 2𝑠𝑠𝐼𝐼 + 1 for equivalent nuclei. For spin=½ nuclei this would simply be 𝑠𝑠 + 1 (Figure 4). 

Figure 4. A simulated 1H spectrum of ethanol (CH3CH2OH). The effect of electron shielding gives rise to 
three peaks, which represent three different chemical environments in a molecule. (a) If there would 
not be any spin-spin coupling between the spins. (b) In the case of spin-spin coupling, the signals are 
split into a triplet, doublet of quartets, and a triplet because of neighbouring nuclei (n+1) rule. 
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The intensity 𝐼𝐼 of the NMR signal depends on various factors:  

𝐼𝐼 ∝  
𝑁𝑁𝛼𝛼 − 𝑁𝑁𝛽𝛽
𝑁𝑁𝛼𝛼 + 𝑁𝑁𝛽𝛽

= 𝑡𝑡𝑡𝑡𝑠𝑠ℎ �
ℏ𝛾𝛾𝐵𝐵0
2𝑘𝑘𝑘𝑘

� 

 (11) 

Here, 𝑁𝑁𝛼𝛼 and 𝑁𝑁𝛽𝛽 represent the number of spins in the respective state, ℏ is the reduced 
Planck’s constant, 𝛾𝛾 is the gyromagnetic ratio of the nucleus, 𝐵𝐵0 is the strength of the 
external magnetic field, 𝑘𝑘 is the Boltzmann constant, 𝑘𝑘 is the absolute temperature in 
Kelvin. The Equation (11) illustrates that signal intensity increases with a greater population 
difference between the spin states, achievable at lower temperatures, and/or at higher 
magnetic fields, and/or by observing nuclei with a high gyromagnetic ratio, like 1H. 

However, at room temperature, nuclear spins are almost evenly distributed between 
the two energy levels. The resulting thermal polarization of protons (1H) is typically 
between 10-4 to 10-5.3 This small polarization leads to an extremely low net 
magnetization, resulting in inherently weak NMR signals, challenging for samples at low 
concentrations. Gains in polarization, and thus signal intensity, can be achieved by 
changing variables according to Equation (11). Yet, orders of magnitude improvements 
in NMR sensitivity cannot be achieved. As a result, alternative approaches, known 
collectively as hyperpolarization techniques, have been developed to significantly 
enhance NMR signal intensity. 

1.2 Hyperpolarization  
There is a variety of hyperpolarization techniques,3 which all aim to create a non-
equilibrium distribution of nuclear spins, exceeding thermal polarization. For spin=½ 
nuclei, this means that population difference between 𝐸𝐸𝛼𝛼 and 𝐸𝐸𝛽𝛽 energy levels is 
increased (Figure 5), which gives rise to enhanced NMR signals and improved signal-to-
noise ratio. The two most widely used hyperpolarization techniques are Dynamic Nuclear 
Polarization (DNP) and parahydrogen-based methods. 
 

DNP is probably the more well-known out of the two. It was proposed and 
experimentally showed in 1953,4 soon after the discovery of NMR in 1946. DNP produces 
highly polarized spins using unpaired electrons (radicals) as its hyperpolarization  
source. Electrons have a much higher magnetic moment because of higher  
gyromagnetic ratio 𝛾𝛾𝑒𝑒 = −28 024.951 ⋅ 2𝜋𝜋 MHz ⋅ T−1 compared to nuclear spins  
𝛾𝛾1𝐻𝐻 = 42.577 ⋅ 2𝜋𝜋 MHz ⋅ T−1. This significant difference means that electrons can 
achieve a higher level of polarization under the same conditions (11). It is worth noting, 
however, that paired electrons do not contribute a net magnetic moment due to their 

 

Figure 5. Hyperpolarization techniques manipulate spin states towards a significant population on 
one energy state. The higher population difference leads to a stronger NMR signal, which improves 
signal-to-noise ratio and increases sensitivity.  
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opposing spins, which cancel each other out, and thus cannot be similarly polarized. In 
DNP, a microwave irradiation is used to excite the unpaired electrons and the excess 
polarization is transferred to nearby nuclear spins, significantly enhancing the nuclear 
spins’ polarization. With the development of strong microwave sources in the 1990s, 
DNP became widely adopted in solid-state NMR and became commercially available. 

In 2003, dissolution-DNP (dDNP) was introduced, expanding hyperpolarization through 
electrons to liquid samples.5 dDNP requires a rather sophisticated setup, including a 
polarizer (3.4-5 T) that can cool the sample down to 1-2 K, microwave source to irradiate 
the sample, a transfer line, an NMR magnet, and sometimes an automatic sample 
injection system (Figure 6).6,7 The dDNP workflow consists of minimum five steps. A liquid 
solution with a molecule of interest and a carrier of unpaired electrons (e.g. nitroxide 
radicals TEMPOL8 and TEMPO)9 are mixed and cooled in a DNP polarizer to cryogenic 
temperatures (Figure 6). The solid sample* is then exposed to microwave irradiation to 
hyperpolarize the nuclear spins. Once polarization is maximized, the solid sample is quickly 
dissolved in a hot solvent, resulting in a highly polarized liquid solution. The obtained 
solution is promptly transferred to an NMR magnet through a transfer line for immediate 
measurement.5,10  

While dDNP is a powerful technique for achieving hyperpolarization, it’s noteworthy 
that parahydrogen-based techniques have been around for a longer period.12–14 
Parahydrogen provides a straightforward alternative for hyperpolarization in solution-state 
NMR, requiring a less complex and resource-intensive setup compared to dDNP. 

1.2.1 Parahydrogen 
Molecular hydrogen (H2) comprises two coupled 1H nuclei. The coupled atoms with  
𝐼𝐼 = 1/2, form a system, which can be described by a linear combination of two 
eigenstates: spin up (𝛼𝛼-state) and spin down (𝛽𝛽-state). Such a system has four 
combinations† of the individual spin states αα,αβ,βα,ββ, through which two isomeric 

 
* The sample should remain amorphous, rather than crystalline, during the solid phase to ensure 
efficient and uniform polarization. 
† The combined spin states are obtained from tensor product operation in the Hilbert space. 

 

Figure 6. A schematic representation of a dDNP setup. After hyperpolarization in the DNP polarizer 
the sample is rapidly dissolved and transferred to the NMR magnet for acquisition. Reproduced and 
modified from 11. Copyright (2021) Elsevier.  
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forms, known as orthohydrogen and parahydrogen, can be distinguished. These isomers 
are characterized by differences in the orientation of their nuclear spins (Figure 7). 
Orthohydrogen with a total nuclear spin quantum number 𝐼𝐼 = 1 and quantum number 
𝑚𝑚 =  −1, 0, 1, gives rise to three triplet spin states (Equation 12)*, and has a symmetric 
rotational state.  

 
(12) 

Parahydrogen, denoted as pH2, possesses a nuclear spin quantum number 𝐼𝐼 = 0 and 
quantum number 𝑚𝑚 = 0, resulting in a singlet spin state (Equation 13). Although 
parahydrogen’s nuclear spin quantum number 𝐼𝐼 = 0 renders it unobservable by NMR 
(Chapter 1.1), its highly correlated antisymmetric rotational state provides a unique 
opportunity for its application as a source of hyperpolarization. 

 
(13) 

At room temperature H2 gas ortho-para spin isomer ratio is 3:1, whereas at low 
temperatures (below 77 K), the low-energy pH2 spin state is preferred (Figure 8).  
To produce 50%-enriched pH2, hydrogen gas is brought into contact with a ferromagnetic 
catalyst (e.g. iron(III)oxide)15 in a liquid nitrogen bath. The catalyst enables fast  
ortho-para transition and because pH2 is a long-lived nuclear spin state, it cannot convert 
back to orthohydrogen spontaneously. This allows to warm pH2 back to room 
temperature without losing spin order. In reality, the conversion between ortho and para 
states happens slowly (over months) due to the presence of paramagnetic impurities 
such as O2. 

 
* Wavefunctions 𝜓𝜓𝑚𝑚 are presented in Dirac notation. 

 

 

Figure 7. (a) Orthohydrogen and (b) parahydrogen spin isomers of molecular hydrogen. 
Orthohydrogen has a symmetric rotational state 𝐼𝐼 = 1, while parahydrogen has an antisymmetric 
rotational state 𝐼𝐼 = 0. 
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1.2.2 Parahydrogen-induced Polarization (PHIP) 
The first proposal of parahydrogen as a source of hyperpolarization was made by Bowers 
and Weitekamp in 1986.12 In 1987, they were also the first to deliberately use pH2 for 
NMR signal enhancement. They referred to their experiment as Parahydrogen And 
Synthesis Allows Dramatic Enhanced Nuclear Alignment (PASADENA).13 The PASADENA 
experiment utilizes pH2 intrinsic non-equilibrium distribution of nuclear spin populations, 
described by 2𝐼𝐼1𝑧𝑧𝐼𝐼2𝑧𝑧, where 1 and 2 refer to the two coupled hydrogen nuclei. For 
thermal equilibrium, the same notation would be 𝐼𝐼1𝑧𝑧+𝐼𝐼2𝑧𝑧. Parahydrogen itself is not 
hyperpolarized, but its correlated spin state can be used to hyperpolarize molecules. 
When pH2 is brought into contact with another molecule, the molecular symmetry of pH2

can be broken. 
Bowers and Weitekamp showed that a pair-wise addition of pH2 to an asymmetrical 

unsaturated molecule with a double or a triple carbon–carbon bond (alkene or alkyne, 
respectively) induces hyperpolarization of the molecule.12 When this is done at a 
high magnetic field (in an NMR magnet), pH2-derived protons become chemically 
non-equivalent. The transferred singlet state of pH2 forms new equally populated spin 
states 𝛼𝛼𝛽𝛽 and 𝛽𝛽𝛼𝛼, with allowed transitions to unpopulated states 𝛼𝛼𝛼𝛼 and 𝛽𝛽𝛽𝛽 (Figure 9a 
and b).  

Shortly after publishing PASADENA, Pravica and Weitekamp proposed another similar 
method called ALTADENA (Adiabatic Longitudinal Transport After Dissociation Engenders 
Nuclear Alignment).17 In ALTADENA, pH2 addition and polarization is achieved outside 
the magnet, while acquisition is still conducted in a high-field NMR magnet for better 

Figure 8. At room temperature (300 K) molecular H2 gas comprises 75% ortho- and 25% para-isomers. 
Liquid N2 temperature (77 K), at the presence of a ferromagnetic catalyst (e.g. iron(III)oxide or 
charcoal), allows for preparation of 50% pH2, whereas temperatures below 20 K enable production 
of >97% pH2 fraction. By imbedding pH2 generator inside a cryogenic storage dewar, pH2 maintains 
its long-lived nuclear spin state outside of the dewar.15 Adapted with permission from ref. 16. 
Copyright (2015) Wiley-VCH GmbH, Weinheim. 
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signal sensitivity and resolution. The singlet state of pH2 remains in the molecule after 
hydrogenation reaction and governs only one eigenstate 𝛼𝛼𝛽𝛽 with allowed transitions to 
𝛼𝛼𝛼𝛼 and 𝛽𝛽𝛽𝛽 (Figure 9c). 

Since the introduction of ALTADENA and PASADENA, different experiments have  
been developed to maximize polarization and widen the application scope of pH2 

hyperpolarization. These experiments are commonly referred to as parahydrogen-induced 
polarization (PHIP).14  

1.2.3 Signal Amplification By Reversible Exchange (SABRE) 
While parahydrogen-induced polarization (PHIP) has proven to be a relatively simple and 
cost-effective hyperpolarization method in NMR, its application is inherently restricted 
by relying on the hydrogenation of an unsymmetrical alkene or alkyne. In order to 
address these limitations, a notable advancement emerged in the form of Signal 
Amplification By Reversible Exchange (SABRE), which was introduced by Adams et al. in 
2009.18 This pioneering approach marked a departure from the necessity of hydrogenation 
reactions to achieve hyperpolarized NMR signals, presenting a paradigm shift in pH2 
hyperpolarization techniques. 

In SABRE, a transient organometallic complex is used to reversibly bind pH2 and a 
molecule of interest, referred to as substrate (Figure 10). The antisymmetric spin order 
of pH2 is spontaneously transferred through spin-spin interactions (scalar coupling 
network) to the nuclear spins of the substrate and converted to non-equilibrium 
magnetization at low magnetic field (outside of the NMR magnet).18 Hyperpolarized 
substrate is detected after its dissociation from the metal catalyst. Typical substrates 
hyperpolarized via SABRE are small molecules – pyridine and its derivatives, alkaloids, 
purines, nitriles, Schiff bases, diazoles, amines, amino acids.19,20 

 

Figure 9. Energy level diagrams with possible transitions and the resulting spectra of (a) thermal 
polarization experiment with orthohydrogen (b) PASADENA experiment, (c) ALTADENA experiment. 
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Figure 10. The schematic representation of SABRE. Iridium-based catalyst precursor 1, [Ir(IMes)(COD)Cl], 
where IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD = cyclooctadiene,21 is mixed with 
substrate (sub) under parahydrogen pressure to form an active SABRE complex 2+. The correlated 
spin order of pH2 spontaneously transfers to the substrate nuclear spins through J-coupling at low 
magnetic field. Continuous substrate exchange, association, and disassociation with the metal 
catalyst leads to the build-up of hyperpolarized substrate free in solution. 

The concentration of a substrate has to be much higher than the concentration of the 
metal catalyst. This ensures that solvent molecules do not bind with the catalyst and 
consequently the formation of a SABRE inactive complex 3+ is avoided.19 Eshuis et al. 
implemented a co-substrate approach to enable hyperpolarization when substrate 
concentration is much lower than the catalyst precursor (Figure 11).22 They showed that 
adding a co-substrate, which has a stronger affinity for the iridium catalyst than the 
solvent, but a weaker affinity than substrates, the polarization transfer is preserved. This 
enabled to apply SABRE on dilute samples down to nanomolar concentrations.22 If the 
ratio of 

 [𝑠𝑠𝑠𝑠𝑠𝑠] ≪  [𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑦𝑦𝑠𝑠𝑡𝑡]  < [𝑐𝑐𝑐𝑐-𝑠𝑠𝑠𝑠𝑠𝑠] 
(14) 

is violated, solvent molecules can bind with the catalyst and produce inactive complexes.23  

 

Figure 11. After the hydrogenation of the complex precursor 1, metal complexes 4+ and 5+ can form 
at the presence of a co-substrate (co-sub). Provided that the ratio of [𝑠𝑠𝑠𝑠𝑠𝑠] ≪  [𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑦𝑦𝑠𝑠𝑡𝑡]  <
[𝑐𝑐𝑐𝑐-𝑠𝑠𝑠𝑠𝑠𝑠] is kept, the formation of complex 5+ is unlikely. 
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Although SABRE, PHIP, and dDNP can enhance NMR signals in orders of magnitude, 
the hyperpolarization effects induced by these methods are often transient. For example, 
in dDNP, once the hyperpolarized sample is dissolved and transferred to the NMR 
spectrometer, the enhanced polarization relaxes back to thermal equilibrium. Similarly, 
the polarization enhancements achieved by SABRE and PHIP diminish over time because 
of relaxation processes. Consequently, the initial NMR scan shows the greatest 
improvement in signal strength. However, the temporary nature of hyperpolarization 
brings about certain limitations. In the case of extremely dilute samples or those needing 
high-resolution analysis, a single scan does not provide sufficient signal strength 
compared to the background noise. This calls for alternative approaches to obtain 
multiple scans to enhance the signal. 

1.2.4 HF-nhPHIP Chemosensing 
High-field non-hydrogenative PHIP chemosensing (HF-nhPHIP) is a variant of PHIP, which 
uses the same chemical machinery as SABRE. HF-nhPHIP does not require the incorporation 
of the pH2 into the analyte, meaning no hydrogenation reaction with the analyte takes 
place during the experiment. HF-nhPHIP overcomes the one-scan experiment limitation 
and enables to acquire multiple scans with continuous hyperpolarization.24–27 Rather than 
relying on spontaneous polarization transfer outside the magnet (SABRE experiment), 
the entire hyperpolarization experiment is performed at high magnetic field without 
removing the sample from the NMR magnet in between the scans.25 With every scan 
pH2-derived hydrides corresponding to the active transient complex are recorded (Figure 
12).25,26

Figure 12. Schematic representation of the active complex 4+ in SABRE and HF-nhPHIP experiments. 
In SABRE, the correlated spin order of pH2 spontaneously transfers to the substrate nuclear spins 
through spin-spin couplings at low field, hyperpolarizing the substrate. The hyperpolarized 
substrate disassociates from the catalyst and is detected free in the solution. In HF-nhPHIP, the 
singlet state of pH2 is transferred to the magnetization of hydrides, resulting in enhanced NMR 
signals of hydrides. Substrate stays bound to the iridium complex, while the hydrides are detected. 

The iridium catalyst used in HF-nhPHIP has three vacant binding sites to be occupied 
by a (co-)substrate. These are referred to as equatorial (eq), equatorial (eq), and axial 
(ax) (Figure 13a). Nitrogen heteroaromatics typically bind to the iridium catalyst through 
one atom, referred to as monodentate binding (Figure 13b). On the other hand, some 
analytes can bind to the iridium through multiple atoms at the same time, in other words 
form bidentate binding configurations. Examples of bidentate binding to the iridium 
catalyst include, for example, pyruvate28 and amino acids.29 It is possible to distinguish 
two bidentate configurations: axial-equatorial (ax-eq, Figure 13c) and equatorial-equatorial 
(eq-eq) binding (Figure 13d).  
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The chemical shifts of hydrides reflect the substrate bound to the active complex 4+ 
(Figure 12).26,30 The resonance frequencies of hydrides fall into −15 to −29 ppm,28 which 
greatly differs from typical 1H signals in 0 to 10 ppm region. Based on the specific 
chemical shifts, it is possible to understand which nucleus is in trans position to the 
hydride in the equatorial plane.28,31,32 In a formed complex where nitrogen atom is trans 
to the hydride, chemical shifts fall into −20 to −24 ppm region. At the same time, a trans 
oxygen atom shifts hydride signals further away to −29 ppm,28,29 while sulphur atom 
gives rise to signals around −15 ppm.28,31  

Every substrate that binds to the iridium catalyst gives rise to a transient complex that 
features signals with a doublet structure due to the J-coupling between the two hydrides 
— HA and HX (Figure 13). Because HA and HX both represent the same transient complex, 
they are referred to as a pair of doublets. The number of doublet pairs (HF-nhPHIP 
signals) associated with one substrate depends on the structure of the binding substrate 
itself. An achiral molecule, e.g. nicotinamide, gives rise to only one doublet pair (Figure 
14a).33 On the other hand, when a chiral molecule, such as nicotine, associates with the 
iridium catalyst, two diastereomers are formed. This results in two pairs of doublets 
(Figure 14b).  

When a molecule has more than one possible binding site, it gives additional signals – 
one pair of doublets per every binding site. For example, adenosine can associate with 
the iridium catalyst through two different N-atoms. Two pairs of doublets form because 
of this. On top of that, adenosine is a chiral analyte, which means that the number of 
observable signals is twice as many, resulting in four pairs of doublets (see Chapter 3.3.1 
Figure 38).33 

 

Figure 13. Schematic representation of the HF-nhPHIP complex. a) The iridium catalyst has three 
vacant binding sites: two in the equatorial plane (eq) and one in the axial position (ax). b) Pyridine 
associated through N-atom forming a monodentate binding. c) Glycine associated through N- and 
O-atoms forming a bidentate ax-eq complex. d) Pyruvate associated through O-atoms forming a 
bidentate eq-eq complex. 
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Adding a co-substrate to the HF-nhPHIP NMR sample in excess ensures that complexes 
with more than one analyte are avoided. The probability of having multiple analytes 
associating with the iridium catalyst at the same time is therefore very low and such 
complexes (as shown in Figure 11 with complex 5+) can be neglected, ensuring formation 
of complex 4+. The choice of co-substrate and its concentration in the HF-nhPHIP catalyst 
system is important for tuning the selectivity and efficiency of the iridium chemosensor. 
A good co-substrate should coordinate to the iridium catalyst and enable the formation 
of complexes with low-concentrated analytes with a sufficient lifetime to be detected 
with HF-nhPHIP.34 Different co-substrates allow for the detection of different types of 
analytes. For instance, methyltriazole (mtz) has proven to be an optimal choice for 
detecting N-heterocyclic analytes with HF-nhPHIP,25,26,35 while pyridine works well for 
amino acids.29,36  

1.2.5 2D Zero-quantum Spectroscopy  
When only one substance is being detected with HF-nhPHIP, it is easy to understand, 
which HA and HX signals belong to the same complex (form a pair of doublets). However, 
it is rather complicated to assign hydrides signals to certain substrates in a complex 
mixture with hundreds of doublet pairs. To unravel the HF-nhPHIP spectra and determine 
which signals represent the same complex, two-dimensional (2D) zero-quantum (ZQ) 
spectroscopy can be used.25,37 Furthermore, Sellies et al. have shown that compounds 
possessing similar molecular structures give rise to hydrides that exhibit linear resonance 
patterns in a spectrum acquired through a 2D zero-quantum experiment.25 The fact that 
hydrides chemical shifts and ZQ frequencies are not random, makes spectral analysis a 
lot easier. 

 

Figure 14. The HF-nhPHIP spectra of (a) nicotinamide and (b) nicotine. HA and HX form a pair of 
doublets because of the spin-spin coupling between the hydrides. The number of signal pairs that 
form per analyte depends on the structure of that analyte. While nicotinamide (nam) is an achiral 
compound and gives only one pair of doublets, nicotine (nic) is a chiral and forms two pairs of 
doublets, diastereomers with different physical properties. 
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Obtaining an NMR spectrum requires a transition from one spin state to the other. 
The change in spin orientation is determined by the quantum number 𝑚𝑚, which can 
increase or decrease by ±1. Therefore, a spin=½ nucleus can go from 𝛼𝛼-state to 𝛽𝛽-state 
or vice versa (Equations 15 and 16). This change in spin orientation is called a 
single-quantum transition and it can be detected directly.  

𝛥𝛥𝑚𝑚𝛼𝛼→𝛽𝛽 = 𝑚𝑚𝛽𝛽 −𝑚𝑚𝛼𝛼 = −
1
2
−

1
2

= −1 
(15) 

𝛥𝛥𝑚𝑚𝛽𝛽→𝛼𝛼 = 𝑚𝑚𝛼𝛼 −𝑚𝑚𝛽𝛽 =
1
2
− �−

1
2
� = 1 

(16) 

It follows that in a system of two coupled spins, there are four single-quantum 
transitions (see also Figure 9a). Additionally, there are two multiple-quantum transitions: 
double-quantum and zero-quantum transition (Figure 15, Table 1), which can be detected 
indirectly using 2D experiments (Figure 16).  

Figure 15. Possible transitions in a spin system of two spin=½ nuclei: SQ – single-quantum transition, 
DQ – double-quantum transition, ZQ – zero-quantum transition. DQ and ZQ are multiple-quantum 
transitions, which are directly unobservable. In parahydrogen hyperpolarization at high field like 
PASADENA experiment, 𝛼𝛼𝛽𝛽 and 𝛽𝛽𝛼𝛼 energy levels are overpopulated, sketched here as thicker lines. 

Table 1. Spin state transitions in a two-spin system. 

Transition Spin state 
start 𝑚𝑚1 𝑚𝑚2 

Spin state 
end 𝑚𝑚1 𝑚𝑚2 Δ𝑚𝑚 

SQ 𝛼𝛼𝛼𝛼 
1
2

1
2

𝛼𝛼𝛽𝛽 
1
2

−
1
2

−1

SQ 𝛼𝛼𝛼𝛼 
1
2

1
2

𝛽𝛽𝛼𝛼 −
1
2

1
2

−1

SQ 𝛽𝛽𝛼𝛼 −
1
2

1
2

𝛽𝛽𝛽𝛽 −
1
2

−
1
2

−1

SQ 𝛼𝛼𝛽𝛽 
1
2

−
1
2

𝛽𝛽𝛽𝛽 −
1
2

−
1
2

−1

DQ 𝛼𝛼𝛼𝛼 
1
2

1
2

𝛽𝛽𝛽𝛽 −
1
2

−
1
2

−2

ZQ 𝛼𝛼𝛽𝛽 
1
2

−
1
2

𝛽𝛽𝛼𝛼 −
1
2

1
2

0 
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The hydrides in HF-nhPHIP are weakly coupled to each other, meaning that their  
spin-spin coupling constant 𝐽𝐽 is much smaller than the difference of their Larmor 
frequencies. Such coupled spin system is referred as an 𝐴𝐴𝐴𝐴 spin system and can be 
represented with product operators �̂�𝐈𝐴𝐴 and �̂�𝐈𝑋𝑋. Parahydrogen generates a non-equilibrium 
population 2𝐼𝐼𝐴𝐴𝑧𝑧𝐼𝐼𝑋𝑋𝑧𝑧, which can be turned into observable transverse magnetization after 
appropriate radio frequency and gradient impulses on the sample. A slightly modified 
pulse program, originally published by Sellies et al.25, is sketched on Figure 17. For a 
better understanding of how the HF-nhPHIP experiment works, the pulse program 
analysis through spin operators is presented. 

 

Figure 16. 2D zero-quantum experiment helps to determine which signals belong to the same 
complex as they have the same ZQ frequency in f1 dimension (𝑦𝑦-axis), meaning they are on the 
same horizontal line on a 2D spectrum. The abbreviations are the following: nic – nicotine, nam – 
nicotinamide. Although here both HA and HX have the same color-coding, they are in opposite 
phases. One hydride features an absorption, while the other dispersion lineshape as described by 
Equation (35). Upper trace shows a 1D spectrum of the same sample with a zoom into nicotine 
signals, which is present in the sample at much lower concentration compared to nicotinamide. All 
signals in 1D experiment are in absorption mode. 
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By applying a 𝜋𝜋/2-pulse along the 𝑥𝑥-axis, the net magnetization is rotated to 𝑦𝑦-axis, 
resulting in multiple-quantum coherence operators.  

From A to B: 

(17) 

This multiple-quantum coherence 2𝐼𝐼𝐴𝐴𝐴𝐴𝐼𝐼𝑋𝑋𝐴𝐴 is a mixture of double-quantum (DQ) and 
zero-quantum (ZQ) coherences.  

(18) 

(19) 

Both double-quantum and zero-quantum terms evolve under free evolution, as they 
are not affected by spin-spin coupling. Double-quantum coherence evolves as the sum 
of the Larmor frequencies of the two coupled spins. The zero-quantum coherence 
evolves as the difference of the Larmor frequencies. In the rotating frame, the Larmor 
frequencies correspond to the offsets*, ΩAand ΩX, of the two spins 𝐴𝐴 and 𝐴𝐴.2 The ZQ 
term is more beneficial in HF-nhPHIP, because the difference of offsets is not influenced 
by the chosen reference frequency (Equation 7). The ZQ term will evolve under the free 
precession during 𝑡𝑡1 (Figure 17 B to C). 

* Spin offset Ω is defined as the spectrometer reference frequency from the Larmor frequency of
the signal: Ω =  𝜔𝜔0 − 𝜔𝜔𝑟𝑟𝑒𝑒𝑒𝑒.

Figure 17. The pulse program scheme used for 2D zero-quantum (ZQ) experiments. 
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From B to C: 

 

 
(20) 

It is possible to preserve ZQ coherence and suppress DQ coherence by applying 
gradient pulses. The coherence order of DQ is 𝑝𝑝 = ±2, indicating that it can be dephased 
by gradients, while ZQ coherence order is 𝑝𝑝 = 0, meaning it is not affected by gradients.2 
Two gradient pulses, differing in their power and in opposite phases, are applied to keep 
only the ZQ term. Additionally, a 180° pulse is applied to refocus the chemical shifts. 

From C to D:  

 

 
(21) 

From D to E: anti-phase operators are created 

 

 
(22) 

The spin echoes during 𝑡𝑡2 refocus the evolution under the chemical shift. The evolution 
under spin-spin coupling turns anti-phase operators back to in-phase operators. 

From E to F: 

 

 
(23) 

 
When 𝑡𝑡2 is calibrated so that 𝐽𝐽𝐴𝐴𝑋𝑋𝑡𝑡2 = 1/2, the cosine term cos(𝜋𝜋𝐽𝐽𝐴𝐴𝑋𝑋𝑡𝑡2) cancels out and 
the sine term sin(𝜋𝜋𝐽𝐽𝐴𝐴𝑋𝑋𝑡𝑡2) equals 1, giving Equation (24).  

 
(24) 

From F to G: 

 

 
(25) 
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Once again one may recognize zero-quantum operator, which during period 𝜏𝜏1 goes from 
𝑥𝑥-axis to 𝑦𝑦-axis. 

From G to H: 

(26) 

This is followed by 𝜋𝜋/2-pulse along the 𝑥𝑥-axis for detection. 

From H to I: 

(27) 

Finally, a spin echo is applied to select only hydrides. In the current spin operator analysis 
𝜏𝜏2 is chosen so that 𝐽𝐽𝐴𝐴𝑋𝑋𝜏𝜏2 = 1/2, which simplifies the following equations. In real 
experiments, 𝜏𝜏2 was kept as short as possible.  

From I to J: 

(28) 
From J to K: 

(29)
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The applied pulses cannot result perfect outcome because convection is consistently 
present in the sample. As a result, it is possible for unwanted anti-phase coherences to 
enter the detector and cause interference with the desired spectrum. To suppress 
unwanted anti-phase coherences, phase cycling is applied. This means that the second 
experiment is acquired with changed pulse phases. Equations (17) to (24) are valid for 
the second experiment (scan). Next, the coherence is changed by applying a 𝜋𝜋/2-pulse 
along the −𝑥𝑥-axis. Fallowing the same mathematical notation as before, but changing 
the phase of a pulse, the outcome is slightly different. 

Second scan from F to G: 

 

 
(30) 

One can recognize zero-quantum term, which, as shown before, goes from 𝑥𝑥-axis to  
𝑦𝑦-axis during evolution period 𝜏𝜏1. 

Second scan from G to H: 

 

 
(31) 

Fallowed by radio-frequency impulses and spin-spin evolution, the final product operator 
state is described by Equation (34). 

Second scan from H to I:  

 

 
(32) 

Second scan from I to J: 

 

 
(33) 
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Second scan from J to K: 

 

 
(34) 

When the results of two experiments are added together, the anti-phase operators 
cancel out and one gets 

 
(35) 

From Equation (35) one may recognize a multiple-quantum coherence operator 2𝐼𝐼𝐴𝐴𝐴𝐴𝐼𝐼𝑋𝑋𝐴𝐴, 
which is a mixture of double- and zero-quantum parts, and a non-equilibrium operator 
2𝐼𝐼𝐴𝐴𝑧𝑧𝐼𝐼𝑋𝑋𝑧𝑧. Both of these are undetectable by NMR. The second term features in-phase  
𝑦𝑦-magnetization operators 𝐼𝐼𝐴𝐴𝐴𝐴 and 𝐼𝐼𝑋𝑋𝐴𝐴 with opposite signs. These in-phase terms are 
detectable by NMR and are responsible for obtaining the spectrum. 𝐼𝐼𝐴𝐴𝐴𝐴 and 𝐼𝐼𝑋𝑋𝐴𝐴 represent 
the enhanced hydrides of the iridium complex, separated by the difference of their 
offsets. One may notice, that the two in-phase operators have opposite signs. This means 
they are detected in opposite phases, which results in absorption and dispersion 
lineshapes in a spectrum (Figure 16). 

1.3 Hyperpolarization in Biological Samples 
NMR is great in analytical applications like structural analysis, quality control, and 
quantitative analysis. Because of its non-invasive nature, NMR is also a good choice to 
study environmental influences on a specimen, observe real-time biological processes, 
study metabolic pathways, and perform trace analysis for quality control. However, 
regular NMR lacks the required sensitivity for the detection of low-concentration 
compounds and subtle molecular changes,38 often present in biological samples. 

Hyperpolarization techniques have opened new avenues for the detailed analysis of 
biological samples by detection of low concentrated analytes that were previously 
unattainable with NMR. Out of various hyperpolarization techniques, dDNP and  
non-hydrogenative PHIP have been successfully applied to biological fluids, natural 
extracts, and tissues.8,26,39,40  

Hermkens et al. demonstrated how continuous non-hydrogenative hyperpolarization 
at high magnetic field can be used to detect flavour components found in coffee26 and 
whiskey27 by targeting pyridine and pyrazine derivatives. Reile et al. developed a 
straightforward method to adapt the HF-nhPHIP technique for analysis of aqueous media 
through the use of solid phase extraction (SPE).39 By applying the SPE procedure, they 
successfully prepared methanol extracts from urine, rendering these samples compatible 
with the iridium catalyst. This adaptation allowed for the detection of nitrogen-compounds 
in urine at sub-μM concentrations.  
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While works by Hermkens et al. and Reile et al. utilized hydride-analyte correlations 
in homonuclear HSQC26 and INEPT39 experiments, Sellies et al. showed that information 
about the composition of the sample can be drawn from hydrides alone (2D zero-quantum 
spectroscopy).25 Sellies et al. advanced the HF-nhPHIP for detecting and resolving a wider 
array of metabolites in urine at nanomolar concentrations. Expanding on the scope of 
HF-nhPHIP, subsequent research has ventured into amino acid detection. Sellies et al. 
illustrated that α-amino acids can be detected and quantified in urine samples,29 while 
Dreisewerd et al. provided methods to discriminate and quantify D- and L-α-amino acids 
directly using 2D HF-nhPHIP zero quantum spectroscopy.36  

In parallel, dDNP has shown promising results in metabolomics through 13C detection.8 
13C is an attractive approach as it has a much wider chemical shift range compared to 1H 
(Chapter 1.1.2) thereby improving resolution necessary for biological samples and 
mixtures. It has been applied to labelled cell and tissue extracts,41,42 plant extracts43 and 
freeze-dried urine.44 On the downside, dDNP faces challenges such as the need for free 
radicals, which may interfere with biological samples, and its limited sensitivity for 
relatively dilute biofluids.44,45 Nonetheless, dDNP ability to analyse extracts at natural 13C 
abundance highlights great potential.  

In summary, both HF-nhPHIP and dDNP hyperpolarization techniques have greatly 
enhanced the applicability of NMR in the analysis of biological samples, each with its 
unique contributions and limitations. The future of this field lies in overcoming the 
existing technical challenges and exploring new applications, which will undoubtedly 
expand the understanding of complex biological systems and environmental samples.  

1.3.1 The Future of HF-nhPHIP 
Although, HF-nhPHIP is not ready for the commercial usage, it can be developed for 
various applications ranging from food and agriculture to medicine and pharmaceutical 
industries. 

The publications by Hermkens et al.26,27 underscore the potential of HF-nhPHIP in 
analyte identification, important for stringent quality control, product development in 
the food and beverage industry, and authentication of premium goods. Moreover, the 
information obtained can serve the purpose of directing agricultural research towards 
optimizing crops, providing insights for the development of healthier food choices, and 
expanding into environmental monitoring, where a thorough analysis of composition 
holds significant importance. 

The diagnostic potential of HF-nhPHIP in biofluid analysis has been shown by Reile et 
al. by detecting a doping substance in urine.39 Besides doping assessment, the ability to 
detect compounds at low concentrations from biofluids can enable early detection of 
diseases, monitoring of disease progression, and evaluation of treatment efficacy. 
Furthermore, HF-nhPHIP technique could be used to identify metabolic abnormalities 
and biomarkers associated with diseases, likewise with other hyperpolarization 
techniques.41,42,46  

There is potential to discover novel biomarkers with HF-nhPHIP by lowering the 
detection threshold beyond what is currently available in regular NMR and expanding 
the metabolite detection. The HF-nhPHIP could pave the way for more in-depth analysis 
and diagnostics, ultimately leading to personalized medicine. 
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2 Aims of the Study 
The goal of this thesis is to investigate and expand the HF-nhPHIP in analysing biological 
fluids. Prior to this work, HF-nhPHIP methodology had been demonstrated on a  
small number of analytes in technical research papers and working principles. Here,  
the HF-nhPHIP technique is demonstrated in practical applications for biofluid NMR with 
increased sensitivity.  

Aims summarised: 
• Assess the diagnostic and analytical potential of HF-nhPHIP by testing its 

accuracy and repeatability on following nicotine and cotinine excretion from 
the body after quitting smoking (Publication I). 

• Develop an alternative sample preparation protocol to eliminate SPE 
treatment for the analysis of urine samples, while maintaining compatibility 
with urine and the iridium catalyst (Publication II). 

• Widen the scope of HF-nhPHIP-detectable analytes to oligopeptides. Study 
the complexation of oligopeptides to the iridium catalyst (Publication III). 

• Test if HF-nhPHIP signal assignment to specific analytes can be made easier 
and faster with establishing chemical shift database and whether it can be 
applied to urine analysis (Publication IV). 

• Expand the application of HF-nhPHIP beyond the analysis of human urine 
(Publication V). 

 
By focusing on these objectives, this research aims to highlight the adaptability and 

transformative capabilities of HF-nhPHIP in the field of analytical sciences, particularly 
when applied to the analysis of biological fluids.  
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3 Results and Discussion 

3.1 Quantification and Identification of Analytes in Human Urine 
(Publication I) 
Human urine presents a unique opportunity for non-invasive diagnostics and metabolic 
profiling as it contains over 3000 metabolites. These metabolites serve as biomarkers, 
reflecting physiological processes, dietary influences, and pathological changes within 
the body. However, most of the analytes are present in urine at low concentration, 
making their detection with regular NMR problematic.47 While previous works had 
applied HF-nhPHIP on urine samples, following the dynamic changes in the human body 
had not been analysed with it. Therefore, a pharmacokinetic-like experiment was 
conducted to challenge HF-nhPHIP in a real-life scenario requiring high analytical 
accuracy.48  

In pharmacokinetics, the drug molecule’s metabolism is carefully studied in a 
time-dependant manner to insure drug safety and assign dosage.49,50 To mimic that, 
HF-nhPHIP was used to target nicotine and cotinine in smokers urine. Nicotine is the 
primary active compound in tobacco and it is metabolized in the body to various 
metabolites, the primary one being cotinine. Cotinine is further metabolised into 
trans-3’-hydroxycotinine, which is the main tobacco-consumption related analyte found 
in urine. It is excreted in urine at a concentration approximately 3-4 times higher than 
nicotine or cotinine (Figure 18).51 The focus of the study was to apply HF-nhPHIP on 
low-concentration analytes, which can provide valuable information about the dosage 
and metabolism of nicotine in the body.52 

The experiment involved the collection of samples, the preparation of samples prior 
to HF-nhPHIP measurement (described in Chapter 3.1.1), and the establishment of 
calibration curves (described in Chapter 3.1.2). Initially, to identify the spectral signatures 
of nicotine and cotinine within a complex urine matrix, known quantities of these 
substances were spiked into a urine sample obtained from a non-smoker (Figure 19). 
The subsequent recording of HF-nhPHIP spectra made it possible to distinguish the 

Figure 18. 75% of nicotine is metabolised to cotinine in the human body. Around 40% of cotinine is 
further metabolised into 3’-hydroxycotinine with stereoselectivity towards its trans-isomer. 
Unchanged nicotine and cotinine molecules are excreted with urine at around 10% each of total 
urinary nicotine, while the main metabolite found in smokers’ urine trans-3’-hydroxycotinine is 
excreted at around 40%.51 
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signals of nicotine and cotinine, creating a reference point for further analysis. After 
establishing the chemical shifts of hydrides referring to nicotine and cotinine, the 
methodology was applied to analyse six urine samples collected from regular smokers. 
Nicotine and cotinine were successfully identified in all samples and their concentration 
in urine, determined with HF-nhPHIP, coincided with known literature values. 

In an effort to monitor the pharmacokinetics of nicotine and cotinine clearance from 
the human body, smokers participating in the study were requested to cease smoking. 
Three volunteers complied, allowing for the collection of sequential urine samples  
post-cessation. By utilizing HF-nhPHIP, the analysis of these samples enabled the 
observation of nicotine and cotinine elimination kinetics, offering valuable insights into 
their metabolic degradation pathways and clearance rates. Furthermore, in order to 
replicate the impact of controlled nicotine dosage similar to therapeutic treatments 
rather than solely concentrating on elimination, a seventh participant used a nicotine 
patch as a nicotine source. The urine samples collected from this individual were 
analysed using the same technique.  

During this phase of the study, a build-up of a new signal proximate to the established 
nicotine and cotinine HF-nhPHIP signals was observed (Figure 20). As Sellies et al. have 
shown,25 hydrides that resonate close by typically belong to the same molecule class.  
The unknown signal became distinctly visible 24 hours post the administration of nicotine 
via a transdermal patch, as illustrated in Figure 20. This signal was also detected in the 
urine samples of habitual smokers, suggesting its association with nicotine metabolism 

 

Figure 19. Nicotine (red triangles) and cotinine (blue circles) HF-nhPHIP signals in urine matrix 
assigned by standard addition method. While HX signals (right) are well separated, HA signals (left) 
are not. One of the diastereomers of cotinine and nicotine, resonate at the same 1H chemical shift. 
To improve resolution, 2D ZQ spectroscopy was implemented. 
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and structural similarity to cotinine. Leveraging this insight, the signal was hypothesized 
to emanate from trans-3’-hydroxycotinine, a deduction that was later validated through 
standard addition.  

 

Figure 20. HF-nhPHIP spectra show the metabolic changes caused by nicotine consumption. A series 
of samples were collected from a volunteer who used a transdermal patch for nicotine 
administration. Nicotine (Nic) signals were clearly visible after 5 hours of applying the patch (left 
panel). 24 h (right panel) after applying the patch, Nic signals were almost gone, while cotinine 
(Cot) signals were still observable and trans-3’-hydroxycotinine (3HC) signals were the strongest.  

3.1.1  Sample Preparation for the Targeted Approach 
Solid-phase extraction (SPE) is a sample preparation technique used for separating 
specific compounds from a mixture.53 This method involves passing the liquid mixture 
through a solid phase cartridge (adsorbent material) under controlled conditions, 
allowing the targeted compounds to adsorb onto the solid phase. Subsequent washing 
step removes undesired components, and a final elution step releases the adsorbed 
compounds for analysis. 

SPE works well for making aqueous samples HF-nhPHIP compatible. It is easy to 
substitute water with organic solvents suitable for hyperpolarization, like methanol or 
chloroform.39 Moreover, the selective nature of SPE is a significant asset. By utilizing an 
appropriate solid-phase sorbent, SPE can discriminate between polar and non-polar 
analytes, allowing to concentrate the sample for the target analytes.  

For detecting nicotine and cotinine from smokers’ urine, the SPE method was first 
optimized on laboratory-prepared water-samples with known concentrations of nicotine 
and cotinine. Three different reverse phase SPE cartridges were tested (Phenomenex 
Strata-X, Oasis HLB, and Biotage Isolute ENV+). To obtain the most of target analytes, 
analytes should be in a neutral state (without a charge), which can be achieved by 
changing the pH level. The most suitable pH level for nicotine and cotinine would be 
between pH 7…10.5. Water solutions at pH 8.6 and 10.6 were tested, out of which 
Phenomenex Strata-X (6 mL, 200 mg) and Oasis HLB (6 mL/200mg) outperformed Biotage 
Isolute ENV+ (Figure 21).  

Although both Oasis HBL and Phenomenex Strata-X showed similar recovery rates for 
nicotine and cotinine, Strata-X cartridge performed slightly better at close to neutral 
conditions (pH 8.6) and was therefore chosen for further analysis. Next, water solutions 
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with known nicotine and cotinine concentrations at pH levels 7.4 and 8.6 were tested.  
It was seen that solution with pH 8.6 eluted analytes faster, but cumulatively pH 7.4 
contained higher amount of nicotine and cotinine in the eluted extract. Therefore, pH 7.4 
was chosen as the optimal pH level for Strata-X cartridge. Figure 22 displays a flowchart 
of the sample preparation procedure for the targeted approach for human urine samples. 

 

 

 

Figure 21. Comparison of SPE recoveries of nicotine and cotinine from Phenomenex Strata-X, Oasis 
HLB, and Biotage Isolute ENV+ cartridges. Urine samples were adjusted to either pH 10.6 or 8.6, 
SPE cartridges were washed with a buffer at the respective pH, analytes were extracted with 
methanol-d4. Analyte 1H integrals obtained from quantitative NMR spectra were compared against 
the integral of an internal standard (DSS: Sodium trimethylsilylpropanesulfonate) added to the 
extract after the SPE procedure. 
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Conditioning and washing the cartridge with buffer helps to maintain the pH level 
constant throughout the SPE procedure. However, the buffer solution itself may 
influence HF-nhPHIP spectra. To evaluate that, two urine SPE extracts obtained using 
either 50 mM KH2PO4 or 10 mM KH2PO4 buffer at pH 7.4 for conditioning and washing 
the cartridge were evaluated. 50 mM KH2PO4 buffer eluted amino acids, which in turn 
reduced the HF-nhPHIP signal intensities of nicotine and cotinine, which have weaker 
affinity towards the iridium catalyst compared to amino acids (Figure 23). In hope of 
improving the SPE method to target nicotine and cotinine, distilled water was used 
instead of the buffer. However, without controlling the pH level of the sample and using 
H2O to wash the cartridge, a shift in nicotine signals was observed between different 
urine samples, while cotinine signals stayed in place (Figure 24). This means that nicotine 
is more susceptible to pH changes. When considering analytical applications, it is 
important that samples from various specimens maintain consistent properties, 
specifically with regards to HF-nhPHIP chemical shifts. Therefore, 10 mM KH2PO4 buffer 
at pH 7.4 was chosen for the SPE procedure. 

Figure 22. Flowchart of the SPE procedure. 
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Figure 23. A comparison of two HF-nhPHIP spectra obtained from the same urine with either using 
a 10 mM KH2PO4 buffer (yellow) or 50 mM KH2PO4 buffer (green) in the SPE procedure. 50 mM 
KH2PO4 buffer elutes amino acids, while 10 mM buffer retains S-containing analytes. An expansion 
of the N-heteroaromatics region shows that nicotine (red triangles) and cotinine (blue circles) 
signals are more intensive when 10 mM KH2PO4 buffer is used. 
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Figure 24. An expansion to HX signals of nicotine (red triangles) and cotinine (blue circles) of two 
different urine extracts (green and yellow) obtained by using H2O in wash step in SPE method. 
Nicotine HF-nhPHIP signals have shifted, while cotinine and 3-fluoropyridine (*), used as an internal 
standard, stayed in place. 

Although methanol eluted nicotine and cotinine, the SPE protocol was not optimal for 
the targeted approach as methanol also extracted a lot of other analytes. With more 
analytes competing over binding to the iridium catalyst, the probability of nicotine and 
cotinine associating is low, which also reduces the NMR signal intensity. Moreover,  
as the number of analytes binding to the iridium catalyst increases, the spectrum 
becomes more populated with signals, thus adding complexity to the analysis. To improve 
the selectivity of the SPE, chloroform, which favours the release of less polar analytes 
compared to methanol, was used for elution. In addition, reducing the number of 
analytes in the obtained SPE extract, the recovery rates for nicotine and cotinine eluted 
with chloroform were above 90%, while the recovery with methanol was around 25% 
(Figure 25). 

By combining the SPE method with HF-nhPHIP, it became possible to detect and 
measure nicotine and cotinine compounds at much lower concentrations compared to 
traditional NMR techniques. This approach achieved an impressive NMR detection limit 
of 0.1 μM and a quantitation limit of 0.7 μM. In general, combining solid-phase extraction 
with parahydrogen hyperpolarization provides a method for analysing low-concentration 
analytes in urine, surpassing traditional methods in terms of sensitivity. 
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3.1.2 Determining Concentration Based on HF-nhPHIP Signals 
Determining concentration in NMR vs. HF-nhPHIP differs. In regular NMR, signal intensity 
indicates concentration, however HF-nhPHIP signal integrals do not show concentration 
directly. They relate to hyperpolarization factors like catalyst binding kinetics, analyte’s 
affinity towards the catalyst. Accurate quantification needs careful calibration for each 
analyte.  

To accurately quantify nicotine and cotinine levels within urine samples, a series of 
standard solutions with known concentrations of nicotine and cotinine were measured 
in the urine matrix (collected from a non-smoker). Corresponding HF-nhPHIP signals 
were integrated to relate signal integrals with the concentration of an analyte in urine. 
The obtained calibration curves had a standard deviation below 11%, showing good 
repeatability (Figure 26). These calibration curves provided a basis for quantifying the 
concentrations of nicotine and cotinine in samples from smokers, enabling the 
quantitative study of nicotine metabolism kinetics.  

Figure 25. Comparison of SPE recoveries in different urines (provided by six volunteers A – F) of 
nicotine and cotinine extracted with methanol-d4 or chloroform-d. 
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The calibration curves were also used to document two instances of passive smoking. 
In one case, an individual spent time in the presence of other smokers after quitting 
smoking for the sake of the experiment. As a result, a slight increase in the concentration 
of nicotine was observed in the sample taken the following day. In another case, a subject 
who served as a reference for non-smokers displayed nicotine and cotinine signals in one 
sample (Figure 27). Although, these signals were barely over noise level, they can be 
assigned with confidence because true signals exhibit a doublet structure, whereas noise 
does not. Upon further investigation, it was discovered that the subject had been 
exposed to tobacco smoke for a few hours on the previous night before providing the 
sample. This proves that HF-nhPHIP can be used to detect analytes present at very low 
concentrations in urine.  

Furthermore, if an approximate value of an analyte is sufficient, a need for calibration 
curves can be replaced by a quicker approach. Sellies et al. showed that chemically similar 
compounds exhibit comparable affinities towards the iridium catalyst.29 This means that 
individual calibration curves for each molecule can be avoided. Instead, a single calibration 
curve can be used to estimate concentrations in the sample quickly. HF-nhPHIP can be a 
valuable tool in analytical chemistry either by providing approximate concentration 
values by utilizing pre-made calibration curves or precise values through standard addition.  

 

Figure 26. Calibration curves for nicotine (red) and cotinine (blue) based on the linear fitting of 10 
data points. Three parallels were measured and averaged for every point. Error bars represent the 
standard deviation of the three parallels. Calibration curves are analyte-specific due to different 
iridium binding affinities. Reproduced from Publication I. Copyright 2021, American Chemical Society. 
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3.1.3 Sample Preparation for the Untargeted Approach (Publication II) 
SPE provides advantages in the selection of analytes, but its chemoselective nature can 
be a double-edged sword in metabolomics. It might exclude certain metabolites, limiting 
the scope of the analysis. To overcome limitations in additional chemoselectivity of SPE 
on top of HF-nhPHIP, and broaden the scope of HF-nhPHIP towards metabolomics, 
the sample should be treated as little as possible. However, when it comes to urine, 
it cannot be directly measured because of high concentration of urea in it. Although urea 
itself does not interfere with HF-nhPHIP experiment, its degradation product ammonia 
has high affinity towards the catalyst. The high affinity of ammonia leads to the catalyst 
complexing mainly with it, making binding for analytes with lower affinity challenging. 
This would be the complete opposite to what is needed in metabolomics. Therefore, 
eliminating ammonia is a crucial step. 

The untargeted approach’s sample preparation protocol removes ammonia in three 
simple steps (Figure 28). First, urine pH was adjusted to 11, under which urea chemically 
decomposes to ammonia and CO2 at room temperature. Second, a simple lyophilization 
was used to remove ammonia and water from the urine sample. With the first two steps, 
ammonia stripped solids were obtained. Lastly, urine solids were reconstituted in 
methanol-d4 and D2O mixture and centrifuged to precipitate any insoluble molecules 
(e.g. salts, lipids). For the HF-nhPHIP experiment, the methanol supernatant solution was 
used. 

Figure 27. Residual nicotine (nic, red) and cotinine (cot, blue) HX signals show passive smoking in 
the urine of a non-smoker. Signals can be distinguished from noise by their doublet structure. 
Because the signals are barely over noise level and are obscured by much stronger signals in a 1D 
experiment, they can easily go unnoticed. 
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As can be seen on Figure 29, spectra of targeted and untargeted HF-nhPHIP approaches 
differ in the number of signals and signal intensities. The SPE method releases adsorbed 
target compounds for the analysis in a smaller volume compared to the initial sample 
loading volume (Chapter 3.1.1). Adding this concentrated urine extract to the NMR tube 
increases also analytes’ HF-nhPHIP signal intensities. In the experiment with nicotine and 
cotinine, both analytes were concentrated 3.7-fold in the NMR tube compared to the 
original urine (Publication I). On the contrary, in the untargeted approach urine has to be 
diluted 5-fold in the NMR tube as a large part of the low molecular weight urinary 
metabolome is retained during the ammonia stripping. Without dilution, the required 
iridium catalyst concentration to fulfil analyte/catalyst/co-substrate condition described 
by Equation (14), would have to be above catalyst’s solubility in the methanol. As more 
analytes are present in the treated urine sample, a higher catalyst concentration (6 mM) 
compared to previous works (1.2 mM) is needed to avoid catalyst system oversaturation 
and maintain quantitative properties of the HF-nhPHIP method. 

The untargeted approach is useful for obtaining an overview of the sample. It is more 
general than the SPE-based HF-nhPHIP as it allows to maintain metabolites with different 
polarities, such as pyridines, nucleobases, and nucleosides, in one sample and to detect 
them simultaneously. It is important to note, however, that some analytes will not 
survive pH 11 conditions and will be absent in the resulting spectrum. Because of the 
diversity of molecules present in urine, it is therefore advisable to utilize multiple sample 
preparation techniques during initial method development. Both the targeted approach 
involving SPE and the untargeted approach using pH 11 to remove ammonia are 
complimentary to each other. The two methods can be used independently based on the 
goal of the experiment or utilized together to acquire a more comprehensive overview 
of the specimen. 

 

Figure 28. Flowchart for the urine sample preparation procedure for the untargeted approach. 
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Figure 29. The spectra of a urine sample were obtained using two different approaches: targeted approach with SPE method, and untargeted approach with minimal 
sample preparation. The two methods retain different kind of analytes. 
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3.2 Widening the Scope to Biopolymers (Publication III) 

3.2.1 The Role of Co-substrate in HF-nhPHIP Chemoselectivity  
Sellies et al. demonstrated that by replacing a co-substrate 1-methyl-1,2,3-triazole with 
pyridine, amino acids can be detected directly from human urine.29 However, their 
approach required heating the sample with amino acids to 50 °C for 7.5 min under strong 
basic conditions (pH 11) to obtain stable complexes. While basic conditions and high 
temperature are not a problem for amino acids, some biologically important analytes 
may be more affected. One of such analyte class is peptides. Basic conditions may 
potentially cause hydrolysis and oxidation of peptides. 

To address this concern, a systematic screening of alternative co-substrates with 
different steric and electronic properties was conducted (Figure 30).54 The impact of ten 
co-substrates (mtz, pyridine, and pyridine derivatives) on a mixture of amino acids 
(alanine, leucine, phenylalanine) was investigated in an alkaline environment as 
proposed by Sellies et al.29. The iridium catalyst was activated with the co-substrates at 
room temperature (25 °C) for 2h after which the amino acids were added. The primary 
considerations in selecting the ideal co-substrate included the intensity of HF-nhPHIP 
signals, signal line width, number of signals generated per analyte, stability of signal 
intensity during prolonged measurements, and activation time of the iridium catalyst 
with the chosen co-substrate.  

Out of the tested co-substrates, 4-fluoropyridine (spectrum 8 Figure 30) did not 
produce any observable HF-nhPHIP signals. The reason could be that 4-fluoropyridine 
may bind to the iridium catalyst so firmly that it prevents hydrogen exchange or it 
exchanges too fast to form a stable complex in the NMR time-scale. In either case, 
the conditions for hyperpolarization are violated. 

The hydride signals corresponding to amino acids were weak when 
1-methyl-1,2,3-triazole, 3-methylpyridine, 4-methylpyridine, 3,5-dimethylpyridine,
and 3,5-difluoropyridine were used as a co-substrate. With 3,5-dimethylpyridine
amino acids’ HF-nhPHIP signals decreased by four-fold within 30 minutes, indicating
instability of these complexes. A fluorine-replaced analogue 3,5-difluoropyridine
exhibited wide signals, which can be associated with fast exchange kinetics. Additionally, 
the active complex 4+ with this co-substrate formed after prolonged reaction period
of 4 hours, which would be undesirable for practical applications. Amino acids’
HF-nhPHIP signals obtained with other co-substrates suggest that the complexes do not
form as effectively as anticipated for the experiment at room temperature.

Among the tested co-substrates, 3-fluoro-4-methylpyridine (3F4MePy) was identified 
as the optimal co-substrate (spectrum 10 Figure 30). It exhibited the strongest signals for 
amino acid HF-nhPHIP complexes under pH 11 and at a measurement temperature of 
25 ˚C (Figure 30). Further studies showed 3F4MePy allows the formation of the 
HF-nhPHIP active complexes without the need for high temperature and provides 
excellent signals at 10˚C measuring temperature (Figure 31).
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Figure 30. Screening of co-substrates on a mixture of alanine, leucine, phenylalanine under basic conditions recorded at 25˚C. The suitability of a co-substrate was 
evaluated based on the HF-nhPHIP signal intensity, signal line width, and number of signals in −28 ppm region. The screened co-substrates were 1 – mtz, 2 – pyridine, 
3 – 3-methylpyridine, 4 – 4-methylpyridine, 5 – 3,5-dimethylpyridine, 6 – 4-tertbutylpyridine, 7 – 3-fluoropyridine, 8 – 4-fluoropyridine (no observable signals), 
9 – 3,5-difluoropyridine, 10 – 3-fluoro-4-methylpyridine. 
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3.2.2 Analysis of Oligopeptides Binding to the Iridium Catalyst  
Oligopeptides bridge a cap between small molecules and proteins, and are of great 
interest because of their diverse biological properties. Different applications of 
oligopeptides are actively being studied, including using them in cosmeceuticals,55,56 and 
in medicine and pharmaceuticals.57,58 Hyperpolarization of oligopeptides has been 
achieved before by chemical modifications (adding a hyperpolarizable tag), which adds 
an additional step to the workflow and may not always be feasible. 

Figure 31. 3-fluoro-4-methylpyridine (aqua) proved to be a more suitable co-substrate over pyridine 
(black) to detect the amino acid alanine under basic conditions. The signals at δ −23.55 to 
−23.95 correspond to HA, while those at δ −28.10 to −28.40 correspond to HX of the same alanine-
iridium complexes. The two signal pairs forming for both co-substrates represent the two
diastereomers. There is a notable difference in resonance frequencies and signal intensities, but the 
relative intensity of the two diastereomers are approximately the same with either co-substrate.
Spectra were measured at 10˚C.

Figure 32. Oligopeptides comprise multiple amino acids, which are connected with peptide bonds, 
where N-terminus is the amino group (–NH2, yellow) and C-terminus is the carboxyl group (–COOH, 
blue). (a) Alanine trimer comprising three alanine amino acids (AAA), (b) leucine-enkephalin, which 
comprises tyrosine, glycine, glycine, phenylalanine, and leucine (YGGFL). 
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Sellies et al.29 found that α-amino acids can bind to the iridium catalyst in both 
monodentate and bidentate configurations. In the bidentate configuration, the analytes 
were coordinated through N- and O-atoms in axial-equatorial positions. However, they 
were unable to detect HF-nhPHIP signals of the equatorial bidentate configuration, 
suggesting that ligand dissociation in that system is too slow. 

Contrary to amino acids, oligopeptides showed HF-nhPHIP signals of three 
configurations: monodentate (mono), bidentate through axial-equatorial positions 
(ax-eq), and bidentate in the equatorial plane (eq-eq) (Figure 13 and Figure 33). 
To understand the exact nature of oligopeptides’ complexation to the iridium catalyst, 
multiple experiments were conducted, accompanied by quantum mechanical modelling 
method: density-functional theory (DFT). 

Based on hydrides’ chemical shifts, it is possible to understand the type of the atom 
through which the analyte is bound to the iridium, e.g. hydride trans to a N-atom 
resonates around δ −21…−23 ppm, while hydride trans to an O-atom at δ −27 and 
beyond.25,28 However, oligopeptides consist of multiple amino acids and have several 
N- and O-atoms that can contribute to binding to the catalyst (Figure 32). Therefore,
chemical shifts do not refer explicitly which of the possible atoms is contributing to the
formed configuration. To determine how oligopeptides bind to the iridium catalyst,
alanine-consisting oligopeptides were used as model compounds.

First, alanine trimers (A3) with modifications made to the amino (–NH2) and carboxyl 
(–COOH) groups found at the beginning and end of a peptide chain, respectively, were 
synthesized and measured, to see which terminus is crucial for bidentate binding. Out of 
the tested A3 oligopeptides only A3 methyl ester gave HF-nhPHIP signals resonating in the 
proximity of pure A3. Observable signals confirmed that carboxyl group is not involved in 
oligopeptide binding as esterification of the C-terminus did not interfere. Oligopeptides 
need N-terminus for binding and cannot associate with the iridium catalyst when the 
amino group is modified with an acetyl group (N-acetyl A3 and N-acetyl A3 methyl ester). 
Neither of the A3 peptides with blocked N-terminus produced observable HF-nhPHIP 
signals (see supporting information in Publication III). 

Next, signals from different configurations were assigned by synthesizing and 
measuring 15N-labelled alanine oligomers (Figure 33). Because 15N is a spin-1/2 nucleus, 
it splits hydrides’ doublet structure when it is in trans position to the hydride. A3 methyl 
ester, where the first alanine was 15N-labelled, showed signal splitting at δ −22.52 and 
−22.61 for mono configuration and δ −22.72 ppm for bidentate configuration (Figure 33b
yellow triangles and red circles, Figure 13 binding modes (b) and (d)). A4 methyl ester
with 15N-label in the second alanine did not show any HF-nhPHIP signal splitting.
This proved that binding happens through the N-terminus, the first amino acid in the
oligopeptide sequence.
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Figure 33. HF-nhPHIP spectra of 15N-labelled oligopeptides (a) A-A[15N]-A-A-OMe and (b) A[15N]-A-
A-OMe. Blue circles correspond to diastereomers of the ax-eq complex, red circles to the eq-eq 
complex, and yellow triangles to diastereomers of mono complex. Note that some signals overlap 
in 1D, but were resolved in 2D spectra. Signal splitting due to 15N coupling can be seen only for (b) 
A[15N]-A-A-OMe mono and eq-eq configurations’ signals, confirming 15N in axial and O in equatorial 
position. ax-eq shows no splitting, which indicates that 15N must be in axial position. (a) A-A[15N]-
A-A-OMe does not feature 15N splitting, meaning that only the N-terminus associates with the 
iridium catalyst to form all three configurations. Asterisk (*) denotes signals from the co-substrate 
3-fluoro-4-methylpyridine (3F4MePy)-Ir-complex. Reproduced from Ref. 54. Copyright 2023 The 
Authors. Published by Analyst. 

The δ −30 ppm chemical shifts obtained from modified alanine trimers showed also 
that bidentate binding includes an O-atom, which has to be from one of the peptide bond 
carbonyl groups. Alanine trimer structure contains three carbonyl oxygen atoms (Figure 
34, starting from N-terminus: Oi, Oii, Oiii), where the first two are located in peptide bonds 
and the last is in the C-terminus. In principle, it would be possible to determine 
experimentally which of the O-atoms is binding to the iridium catalyst. This could be 
achieved by measuring A3 peptides, where different oxygen atoms are O17-labelled. 
However, the synthesis of such peptides with O17 is a costly procedure. Furthermore, due 
to O17 being a quadrupolar nucleus with spin-5/2, the NMR spectroscopy would be more 
complicated. Instead, density-functional theory (DFT) was used to determine the 
probabilities of different binding structures.  

DFT is a computational modelling method, which calculates the electronic structures 
of atoms and molecules using electron density.59 The structures of alanine oligomer 
complexes of varying lengths were estimated based on the energies calculated using DFT. 
DFT optimized oligopeptide structures when associating with the catalyst, are peptide 
length specific. While A2 and A3 peptides produced a 5-member cycle associating with Oi 
to the iridium, A4 and longer peptides preferred the 8-member cycle through Oii (Figure 
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34). Thus, longer peptides have more flexibility in their orientation around the catalyst 
core allowing for the formation of stabilizing intramolecular hydrogen bonds. This brings 
the molecule into energy efficient folded configuration. 

To experimentally validate the results obtained by DFT modelling, NOE (the nuclear 
Overhauser effect) NMR experiments were done on thermally polarized samples. The NOE 
experiment reveals which nuclei are close in space to each other.60 The effect is 
observable for nuclei, which are less than 5 Å apart. NOE experiments on alanine dimer 
and alanine trimer HF-nhPHIP complexes confirmed configurations suggested by DFT 
calculations. Alanine trimer showed NOE response between NiiiH and CH3 of the first 
alanine residue (DFT suggested distance 3.5 Å), which can only appear in the case of a 
5-member cycle (Figure 34a). Additionally, there was a NOE response between alanine
trimer and catalyst IMes aromatic hydrogens that can only be present in that
configuration.

Dimer showed a NOE response between NiiH and CH3 groups of both alanine residues, 
only present in the case of a 5-member cycle, and with IMes aromatic hydrogens (Figure 
34d). While dimer and trimer formed 5-member cycles with the iridium catalyst, longer 
oligopeptides (e.g. alanine tetramer Figure 34b) prefer 8-member cycles. 

For each oligopeptide three distinguishable complexes were observed* – mono, 
bidentate eq-eq, and bidentate ax-eq. Prolonged measurements at 10 °C showed that 
the signals of initially formed eq-eq and mono slowly decreased, while ax-eq signals 
increased, suggesting that eq-eq and mono have higher energies compared to ax-eq. This 
observation was supported by DFT calculations, stating that the energetically most stable 

* Alanine dimer (AA) exhibited two eq-eq signal pairs, while other peptides showed only one signal 
pair for that configuration.

Figure 34. DFT calculations and NOE experiments confirmed bidentate configurations of alanine 
oligomers to the iridium catalyst (a) A3 and A3-OMe, (b) A4-OMe, (c) A2-OMe, and (d) A2. A2 and A3 

formed 5-member Ir-cycls, while A4-OMe and A5-OMe present more complex structures containing 
an 8-member cycle. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst. 



52 

configuration for oligopeptides is the bidentate ax-eq configuration (as shown in Figure 34). 
Interestingly, kinetic complex eq-eq was HF-nhPHIP detectable for alanine oligomers, but 
not for amino acids.29 This demonstrates that the stability of the formed complex is 
substrate-specific.  

According to DFT, there is one additional configuration, where the atoms of ax-eq are 
bound to the iridium catalyst in reverse. Although reversed ax-eq configuration is 
theoretically possible, it was not observed experimentally. The reason may be that this 
configuration has too short of a lifetime in NMR experiment timescale. 

Evidence suggests that the formation of a bidentate ax-eq configuration is not limited 
to alanine oligopeptides, but rather a favoured binding mode for other peptides as well. 
To cover a broad range of peptides with actual diagnostic, dermatological or biological 
value, papain inhibitor (GGYR), cosmeceutical peptide hexapeptide-11 (FVAPFP), and 
neuropeptide Leu-enkephalin (YGGFL) were selected for experiments. Preliminary results 
on oligopeptides comprising different amino acids showed signals in a similar region as 
alanine peptide-model compounds, HA at −30.57 to −31.21 ppm and HX at −23 ppm, with 
O-atom in the equatorial plane and N-atom in the axial position (Figure 35).

On the other hand, functional peptides showed that experimental conditions require
optimization to get the best HF-nhPHIP signals for each individual oligopeptide complex. 
GGYR HF-nhPHIP signals were more intense when the peptide was first dissolved in water 
at neutral pH, lyophilised and reconstituted in methanol (Figure 35 solid lines). On the 
other hand, YGGFL signals had lower intensity when prepared under the same 
conditions. For YGGFL dissolving straight in methanol resulted in stronger signals (dashed 
lines). FVAPFP gave similar responses with either sample preparation protocol. 
Additionally, functional oligopeptides showed more intense signals at 25 °C, contrary to 
alanine oligopeptides. Naturally occurring oligopeptides were detected at even higher 
temperature, 35 °C from a urine sample prepared with the untargeted method (Figure 
36).  

Figure 35. HF-nhPHIP HA signals of functional oligopeptides: papain inhibitor (GGYR), neuropeptide 
Leu-enkephalin (YGGFL), and cosmeceutical peptide hexapeptide-11 (FVAPFP), measured at 25 °C. 
Two sample preparation protocols were followed: (a) solid lines: peptide was dissolved in water, pH 
corrected to 7.4–7.9, lyophilized and dissolved in methanol-d4 prior nhPHIP measurement. Ratio of 
catalyst : 3F4MePy : oligopeptide was 1 : 18 : 0.08; (b) dashed lines: peptide was dissolved in 
methanol-d4 as supplied. Ratio of catalyst : 3F4MePy : oligopeptide was 1 : 8 : 0.08. Comparison of 
spectra (a) and (b) demonstrates that nhPHIP performance is dependent on the particular 
oligopeptide, sample preparation and measurement conditions. Reproduced from Ref. 54. Copyright 
2023 The Authors. Published by Analyst. 
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Figure 36. HF-nhPHIP spectrum of a urine sample. HA signals characteristic to oligopeptides appear at around −30 ppm, whereas cosubstrate HX signals are around 
−23 ppm. The untargeted approach was used to prepared the urine sample. Spectrum was recorded at 35 °C. Reproduced from Ref. 54. Copyright 2023 The Authors.
Published by Analyst.
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3.3 Optimization of Experimental Conditions 
Accurate and reliable results in analytical techniques depend on optimizing sample 
preparation methods and measurement conditions. In the HF-nhPHIP system, several 
factors affect the system, such as the pH level, solvent, measurement temperature, pH2 
concentration in the sample, and the choice of a co-substrate (as discussed in Chapter 
3.2.1). Changes in measurement conditions can cause shifts in the resonance frequencies 
of hydrides, making it difficult to accurately assign signals. 

The importance of pH level. The importance of pH becomes clear when considering 
the different nature of analytes, each reacting differently to changes in acidity and 
basicity. For instance, under acidic conditions, analytes can become protonated, stopping 
them from interacting with the positively charged iridium catalyst (Figure 12).  

Experiments with nicotine and cotinine showed that pH variations in the sample 
preparation prior to hyperpolarization has an impact on the HF-nhPHIP spectra (see 
Chapter 3.1.1). Uncontrolled pH environment in the SPE procedure results in poorly 
reproducible eluted sample extracts between different specimen and a shift of 
HF-nhPHIP hydrides’ signals. Besides pH, buffer concentration is similarly important. 
Different concentrations enable to tune the selectivity of the SPE more towards the 
wanted analytes (Figure 23). 

Sellies et al.29 found that under basic conditions (pH 11.1), the hydride signals from 
amino acids association increased by 6-fold compared to the solutions with uncorrected 
pH. Compared to the thermal equilibrium, this resulted in a 300-fold enhancement. 
Whereas different amino acids had a similar response to pH, oligopeptides comprising 
various amino acids did not. This was evident with measuring functional oligopeptides: 
papain inhibitor, Leu-enkephalin, and hexapeptide-11 (see Chapter 3.2.2). Two different 
sample preparation methods were tested. The first one involved dissolving the peptide 
in water, correcting solution’s pH to 7.4–7.9, lyophilizing and dissolving again in 
methanol. In the second method, peptide was dissolved in methanol as supplied. While 
there were no differences in HF-nhPHIP signals for hexapeptide-11, papain inhibitor and 
Leu-enkephalin showed opposite responses regarding the sample preparation method 
(Figure 35).  

This underscores the importance of optimizing pH environment to suit the properties 
of the analyte being examined. Each analyte reacts differently, and the pH conditions 
that enhance hyperpolarization for one may not be effective for another.  

The importance of solvent. Choosing the right solvent is important for optimal results 
with HF-nhPHIP. HF-nhPHIP works best in organic solvents, where both the iridium 
catalyst and pH2 have good solubility. Methanol has been the primary solvent for 
HF-nhPHIP experiments, however it may not be the optimal choice for dissolving all 
analytes.  

It might be necessary to use a solvent mixture. For example, when detecting 
HF-nhPHIP signals of nicotine and cotinine, methanol-chloroform mixture in the NMR 
tube was used. Although these analytes dissolve well in both methanol and chloroform, 
the SPE recovery of nicotine and cotinine was around 35-40% with methanol, while it 
was 95% with chloroform. Therefore, analytes were eluted with chloroform, while the 
HF-nhPHIP catalyst and co-substrate were dissolved in methanol. In the final NMR 
sample a solvent mixture (75% chloroform and 25% methanol vol/vol) was used to 
maintain high accuracy while accessing low concentrations (Chapters 3.1.1 and 3.1.2). 
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Sometimes analytes do not dissolve fully into an organic solvent. In such cases, 
water-methanol mixture can be used. However, water content in the NMR sample should 
be below 20% for optimal HF-nhPHIP performance.29  

The importance of temperature. Measurement temperature influences HF-nhPHIP 
experiment by mainly changing the analyte association/disassociation rate. In the case 
of alanine oligomers, the most intense HF-nhPHIP signals were observed at 10 °C. 
At lower temperatures, molecular motions and chemical processes slow down, 
prolonging the lifetime of the formed complex. For some molecules, higher temperatures 
may improve solubility or facilitate beneficial association/disassociation rates for 
hyperpolarization. This could explain the improved response of functional oligopeptides, 
which showed more intense signals at 25 °C and urine that had the best result at 35 °C 
(Chapter 3.2.2). Similarly to oligopeptides in urine, adenosine molecule shows better 
HF-nhPHIP response at 35 °C.61 

For best practices, measurements should be done at various temperatures to 
determine the optimal value. If this cannot be done, using room temperature should 
yield a satisfactory outcome.  

The importance of pH2 delivery. For analytical accuracy, pH2 concentration must be 
the same for every scan to ensure a uniform enhancement during the experiment. 
As pH2 is converted back to orthohydrogen after disassociating from iridium, its 
concentration in the sample reduces in time. To counteract that, fresh pH2 is bubbled 
into the NMR sample between every scan. Figure 37 displays the setup for the HF-nhPHIP 
experiment. 

Bubbling pH2 into the sample is the most time-consuming step in the experiment 
time-scale. It is important to establish a balance between the bubbling duration, pH2 
concentration in the sample, bubbling speed and pressure, and the length of the pulse 
program itself. While increasing the duration of bubbling time enhances the intensity of 
the spectrum, there comes a point where the benefits level off and no further 
improvement is observed. Instead of prolonging bubbling time, the emphasis should be 
on recording multiple experiments for improved results by signal averaging.  

In the experiments discussed in this thesis, it was determined that a bubbling time of 
2 seconds is the optimal duration for HF-nhPHIP experiments. This approach ensures 
efficient hyperpolarization without unnecessary liquid evaporation, balancing the need 
for increased signal strength with practical considerations. 

In summary, a careful consideration of an appropriate sample preparation method 
and a nuanced optimization of the measurement conditions are essential for achieving 
high performance in analytical applications with HF-nhPHIP. Careful control of all the 
parameters ensures the reliability and applicability of the method.  
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Figure 37. Schematic representation of a continuous hyperpolarization experiment setup.  
50%-enriched pH2 is produced in flow by catalytic conversion of cryo-cooled hydrogen gas. 
Hyperpolarization is sustained by bubbling pH2 into the sample between every scan, while keeping 
the sample in steady-state during acquisition. Bubbling through the NMR sample is facilitated by a 
custom-built bubbling control system, described in the supporting information of Publication I.  
The bubbling control system is connected to the NMR console, which allows to implement and 
control pH2 bubbling through the sample within the pulse program.  

3.3.1 Creation of Hydrides Chemical Shift Database (Publication IV) 
A significant challenge to the broader adoption of HF-nhPHIP in analytical practices is the 
assignment of hydrides signals to specific analytes. This is due to the reduced structural 
information conveyed by hydride signals compared to traditional NMR.23 Although 
hydrides signals can be accurately assigned though internal standard addition,35,48 it is a 
rather time-consuming procedure, especially for biological fluids with hundreds of 
analytes. The development of a chemical shift database, tailored to catalogue hydrides’ 
resonance frequencies, stands as a good alternative for signal assignment with standard 
addition. Such a database simplifies the signal assignment process by providing a reference 
framework against which unknown hydride signals can be matched. Thus, it makes it 
easier to identify analytes within a mixture. 

This initiative has been demonstrated by creating a small yet expanding database that 
includes hyperpolarized spectral data of adenosines (Table 2), a group of metabolites with 
diagnostic importance. HF-nhPHIP spectra of seven different compounds were recorded 
with chemical shifts referenced to nicotinamide signal (HX −22.935 ppm, Figure 38).  

Since nicotinamide is an achiral molecule with a single binding site to associate with 
the iridium catalyst, it produces only one signal pair (Figure 38, nam). The other 
molecules give at least two signal pairs. The chemical shifts of both diastereomers of 
1-methyladenosine (Table 2) are very similar, causing their signals to overlap and appear
as one signal pair (Figure 38, 1-mAde). 6N-methyladenosine (Table 2) gives rise to two
HF-nhPHIP signal pairs because its association to the iridium catalyst is restricted by the
methyl group (Figure 38, 6N-mAde). Adenosine (Table 2, Ade) and 2’-O-methyladenosine
(2’-O-mAde) both form two diastereomers because of their chirality. Additionally, they
have two possible binding sites, which in total results in four signal pairs (Figure 38).
Likewise, adenosine monophosphate (Table 2, AMP), adenosine diphosphate (ADP), and
adenosine triphosphate (ATP) produce each four pairs. However, only three hydride
signal pairs are clearly observable for AMP and ADP because two of their diastereomers’
signals overlap (Figure 38).

The generated adenosines database was tested on human urine. The successful 
application of this database in identifying two analytes from urine, adenosine and 
1-methyladenosine emphasizes the usefulness of the database in aiding the signal
assignment of metabolites.33,35
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Analyte Abbr. R @ 1 R @ 6 R @ 2’ R @ 5’ 

Adenosine Ade - H H H 

1-methyladenosine 1-mAde CH3 H H H 

6N-methyladenosine 6N-mAde - CH3 H H 

2’-O-methyladenosine 2’-O-mAde - H CH3 H 

Adenosine monophosphate AMP - H H PO3H 

Adenosine diphosphate ADP - H H PO3
-PO3H 

Adenosine triphosphate ATP - H H PO3
-PO3

-PO3H 

Table 2. Adenosines used in the study. Reproduced and corrected from Publication IV. Copyright 
2022 by the authors. Licensee MDPI, Basel, Switzerland. 

Figure 38. 2D HF-nhPHIP spectra of adenosine and its derivatives as annotated in Table 2. 
Reproduced and modified from Publication IV. Copyright (2022) by the authors. Licensee MDPI, 
Basel, Switzerland. 
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Based on the work with adenosines, a similar database approach has been used to 
assign signals of nicotine, cotinine, trans-3’-hydroxycotinine, and oligopeptides. It worked 
well in identifying and assigning signals in urine samples (Chapter 3.1) and in synthetic 
mixtures (Figure 39). In essence, the development of chemical shift databases for 
HF-nhPHIP enhances the technique’s efficiency by enabling easier signal assignment and 
supporting higher throughput analysis. However, the creation of a database must involve 
careful recording of HF-nhPHIP spectra under controlled conditions. When the 
experimental conditions are different from the ones used to create the chemical shift 
database, a direct comparison of resonance frequencies becomes challenging (see 
Chapter 3.3). 

3.4 Comparative Analysis of Human and Dog Urine (Publication V) 
The exploration of canine urine through NMR spectroscopy has been driven by the 
increasing recognition of dogs as valuable models for human diseases.62 Canines share 
our environment, exhibiting a similar range of genetic diversity and disease phenotypes, 
but with accelerated lifespans. This makes them ideal subjects for studying the onset and 
progression of various conditions, including metabolic and genetic disorders. For instance, 
metabolomics studies have been conducted to identify biomarkers for naturally occurring 
canine bladder cancer, which is similar to invasive human bladder cancer.63 By exploring 
the metabolic fingerprints of canine urine and contrasting these with human samples, a 
better understanding of disease markers, improved diagnostic procedures, and potential 
therapeutic interventions may be developed.62,64,65 

Figure 39. HF-nhPHIP spectrum of alanine oligopeptides mixture (bottom), where signals were 
assigned by superimposing spectra of known analytes (upper traces). The mixture composed of 
alanine pentamer (A5) methyl ester, alanine trimer (A3) and its methyl ester, and alanine dimer 
(A2). 
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Motivated by this, a comparison between canine and human urine was done with  
HF-nhPHIP. The aim was to determine whether hydride-driven analysis can differentiate 
between species and guide metabolic analysis. Four different hyperpolarization schemes 
were used: N-heteroaromatics targeted approach with SPE, amino acids targeted 
approach, oligopeptides targeted approach, and untargeted approach. Sample preparation 
methods are described in detail in Chapter 4. 

The targeted approach with SPE (Method A, Chapter 4) focused on detecting 
pyrazines, specifically 2,6-dimethyl pyrazine (DMP), a molecule which is found in wolf 
urine.66,67 Hypothesising that a domestic dog shares a similar metabolic profile with a 
wolf, DMP could be present in canine urine as well. First, HF-nhPHIP signals were 
established by measuring a pure DMP sample. Second, canine urine and human urine for 
reference were measured and superimposed on the DMP spectrum (Figure 40). While 
DMP could not be identified in canine urine as initially expected, a diagonal line was 
detected in both canine and human urine spectra where the DMP signal resonated.  
The presence of pyrazines in both species is suggested by the overlapping of seven signals 
along that diagonal line. Likewise, nicotinamide (nam) and 1-methyladenosine (1-mAde) 
are present in both urines and their corresponding signals overlap nicely (Figure 41). 

 

 

Figure 40. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green), along with 
2,6-dimethyl pyrazine (DMP, pink). Urine samples were prepared according to the targeted method 
with SPE described under Method A, Chapter 4. There are some signals which overlap in human and 
canine urines, while others do not. Although DMP signal could not be confirmed in either urine 
spectra, a clear diagonal (pink dashed line) suggests that both urine samples contain pyrazines. 
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Figure 41. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) zoomed 
into the region of 1-methyladenosine (1-mAde) and nicotinamide (nam). The analytes were 
assigned using the chemical shift database (Chapter 3.3.1). The close-up of nam demonstrates the 
robustness of HF-nhPHIP as signals in both urine overlap nicely. Urine samples were prepared 
according to the targeted method described under Method A, Chapter 4. 

Besides pyrazines, HF-nhPHIP HX signals resonating at δ −16.4 to −17.9 ppm region are 
of great interest as these signals could arise from sulphur atom association with the 
iridium catalyst (Figure 42).28,31 Similarly to pyrazines, some signals overlap in both canine 
and human urine spectra, implying that these molecules are not species specific. On the 
other hand, there are signals which clearly represent only one specimen.  

Furthermore, when urine samples were prepared with untargeted approach (Method 
B, Chapter 4) the difference between canine and human urine in the same spectral region 
was more prominent (Figure 43). While signals clustered together at δ −17 to −17.9 ppm 
in canine urine, human urine gave rise to signals at δ −18.8 ppm. By using different 
sample preparation methods (targeted or untargeted), new information can be obtained 
from the spectra. Figure 44 and Figure 45 show the full spectra of zoomed in regions in 
Figure 42 and Figure 43, respectively. 
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Figure 42. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine 
samples were prepared according to the targeted method with SPE described under Method A, 
Chapter 4. There are clear differences between the two spectra with some signals better resolved 
than the others. Poor resolution of some signals may be due to deuteration of the complex.29 Signals 
resonating at δ −16.4 to −17.9 ppm region could be from S-atom association, although these have 
not been experimentally confirmed. 
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Figure 43. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine 
samples were prepared according to the untargeted approach described under Method B, Chapter 
4. Although a couple of signals coincide, the majority at δ −16.8 to −20.0 ppm region is very 
different, which for different species is expected. 
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Figure 44. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine 
samples were prepared according to the targeted method with SPE described under Method A, 
Chapter 4. 

Figure 45. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine 
samples were prepared according to the untargeted approach described under Method B, 
Chapter 4. 
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Targeted sample preparation Method C (Chapter 4) was used to detect amino acids. 
Both human and canine urine seem to contain the same proteinogenic α-amino acids 
(Figure 46). However, in human urine more than ten additional HF-nhPHIP signals were 
seen (Figure 46 green signals), which probably arise from amino acids beyond the 22 
proteinogenic ones. On the other hand, dog urine exhibited two strong signal pairs 
around δ −17.0 and −24.4 ppm (Figure 47). These very intense signals compared to amino 
acids may be caused by the dog’s consumption of a food supplement called Adaptil 
Express Tablets. The supplement is given to calm dogs during stressful situations, such as 
fireworks, and contains vitamin B1, which features a sulphur atom. Albeit chemical shifts 
suggest S-atom association, neither vitamin B1 nor amino acids cysteine and methionine 
could be detected in their pure form under similar measurement conditions. Further 
research is needed to determine the origin of these signals. 

Figure 46. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared 
according to Method C, Chapter 4, zoomed to amino acids region. Signals corresponding to amino 
acids have not been assigned explicitly, but both urines feature signals that coincide, meaning these 
amino acids are present in both samples. In human urine, there are some additional signals forming 
a diagonal with a steeper slope. These signals could arise from α-amino acids beyond the 22 
proteinogenic ones. 
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When focusing on oligopeptides, there were more signals observed in human urine 
than in canine urine (Figure 48). This result suggests that the oligopeptides being 
targeted are more abundant or have a higher concentration in human urine compared 
with canine urine. Further research is needed to investigate the specific oligopeptides 
involved and their potential significance. 

HF-nhPHIP is a relatively new technique and the preliminary results show that we have 
limited knowledge of its capabilities. However, studying metabolic fingerprints with 
HF-nhPHIP has the potential to contribute to analytical applications. On the other hand, 
it is important to acknowledge that the use of HF-nhPHIP in studying metabolic 
fingerprints also presents certain limitations. For instance, interpreting metabolic 
fingerprints obtained through HF-nhPHIP is not straightforward. Therefore, its practical 
applications require careful consideration and further investigation. 

Figure 47. HF-nhPHIP spectrum of dog urine, prepared according to Method C, Chapter 4. Two very 
strong signal pairs can be seen, δ −17 and δ −24.5 ppm (pink pentagons), possibly due to S-atom 
association to the iridium catalyst.28,31 These signals were not present in human urine. Whether 
these signals are species specific, breed specific, or individual specific (inherent or dietary-caused) 
requires further research. 
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Figure 48. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared 
according to Method D (Chapter 4) to detect oligopeptides. Although signals in oligopeptide region 
are much less intensive than signals of amino acids, a couple of HX signals can be seen at δ −30 ppm 
region. At least four signals seem to arise from oligopeptides present in both urines. 
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4 Materials and Methods 

4.1 Sample Preparation Methods for the Comparative Analysis of 
Human and Dog Urine 
Method A. Experimental conditions for the N-heteroaromatics targeted approach  
with SPE. Oasis HLB 6cc/200mg cartridge was used for the SPE method. The cartridge 
was activated with 3 mL of methanol and conditioned with 3 mL of 10 mM KH2PO4  
buffer solution. Urine was thawed in a water bath, corrected with NaOH to pH 7.4,  
and centrifuged for 12 min at 1825g (maximum allowed speed for 15 mL tubes).  
5 mL of centrifuged urine without sediment was added to the cartridge. The cartridge 
was then washed with 3 mL of 10 mM KH2PO4 buffer solution and dried with constant  
N2 flow at 1 bar for 30 min. Urine was extracted from the SPE cartridge with 1.6 mL of 
methanol-d4 and stored at −80 °C until NMR experiment. 

The NMR sample comprised 1.2 mM [Ir(IMes)(COD)Cl] (IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene, COD = cyclooctadiene), 21.7 mM 1-methyl-1,2,3-
triazole as co-substrate, and 475 μL of SPE-treated urine. Total sample volume was 
600 μL with the ratio of iridium catalyst to co-substrate 1:18.  

Method B. Experimental conditions for the untargeted approach. The urine pH  
was adjusted to 11 with NaOH and left to settle for approximately 1 hour. After that, 
 the urine was centrifuged at the maximum allowed speed for 12 minutes at 1825g.  
The sediment-free urine was then divided into tubes, with each tube containing 2.4 mL 
of urine. These tubes were frozen using liquid nitrogen and subjected to lyophilization 
for 48 hours.  

To dissolve the dried urine, 150 μL of D2O and 450 μL of methanol-d4 were added.  
The mixture of water and methanol with the urine was sonicated for 10 minutes and then 
centrifuged for 3 minutes at 1825g. The upper layer of this water-methanol urine mixture 
was used for the nhPHIP experiments. 

The NMR sample comprised 5.7 mM [Ir(IMes)(COD)Cl], 103 mM 1-methyl-1,2,3-
triazole as co-substrate, and 30 μL of urine. Total sample volume was 600 μL with the 
ratio of iridium catalyst to co-substrate 1:18. 

Method C. Experimental conditions for the amino acids targeted approach. Urine was 
used as supplied with no sample treatment. The NMR sample comprised 3.53 mM 
[Ir(IMes)(COD)Cl] (170-176 μL of 12-12.4 mM stock solution), 63.5 mM pyridine as  
co-substrate (188-190 μL of 200-202 mM stock solution), 108 μL of 110 mM 
piperidine/piperidinium buffer, and 30 μL of urine. Total sample volume was 600 μL with 
the ratio of iridium catalyst to co-substrate 1:18. 

Method D. Experimental conditions for the oligopeptides targeted approach. The urine 
pH was adjusted to 11 with NaOH and left to settle for approximately 1 hour. After that, 
the urine was centrifuged at the maximum allowed speed for 12 minutes at 1825g.  
The sediment-free urine was then divided into tubes, with each tube containing 2.4 mL 
of urine. These tubes were frozen using liquid nitrogen and subjected to lyophilization 
for 48 hours.  

To dissolve the dried urine, 150 μL of D2O and 450 μL of methanol-d4 were added.  
The mixture of water and methanol with the urine was sonicated for 10 minutes and then 
centrifuged for 3 minutes at 1825g. The upper layer of this water-methanol urine mixture 
was used for the nhPHIP experiments. 
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The NMR sample comprised 3.2 mM [Ir(IMes)(COD)Cl], 63.7 mM 3-fluoro-4-
methylpyridine as co-substrate, and 30 μL of urine. Total sample volume was 600 μL with 
the ratio of iridium catalyst to co-substrate 1:18.  
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5 Summary 
Through exploring the applications for high-field non-hydrogenative PHIP chemosensing 
in analysing biological fluids, this technique stands out in its ability to detect and 
quantifying dilute analytes in complex mixtures.  

In this thesis, different sample preparation techniques for urine samples have been 
summarised. The diagnostic and analytical potential of HF-nhPHIP was shown with the 
targeted sample preparation approach with SPE, focusing on detecting nicotine and 
cotinine HF-nhPHIP signals from smokers’ urine. By careful workflow optimization, it was 
possible to follow dynamic processes within the human body with high accuracy and 
repeatability, as demonstrated by recording nicotine withdrawal and administration. 
The findings of this experiment indicate that a similar strategy can be employed to 
extract precise data from urine for purposes like evaluating biomarkers or studying 
pharmacokinetics. 

In addition, a sample preparation protocol was showcased to progress towards 
untargeted metabolomics analysis. Although the structural elucidation of analytes 
remains unavailable with HF-nhPHIP, the observed signals corresponding to the 
iridium-substrate complex can be assigned with different methods like standard 
addition, chemical shift databases, and linear patterns on 2D zero-quantum spectra. 
These signal assignment methods were implemented on urine samples and exhibited 
good performance when combined with meticulous sample preparation and NMR 
specific conditions.  

Through precise adjustments to the chemical machinery of pH2 hyperpolarization, 
the range of analytes detectable by HF-nhPHIP was effectively expanded to include 
oligopeptides. By integrating HF-nhPHIP, conventional NMR experiments, and DFT 
calculations, the investigation of how oligopeptides bind to the iridium catalyst has 
yielded valuable information about the underlying mechanisms of the hyperpolarization 
process. Experimental observations revealed three unique binding configurations, and 
the energetically favoured one. With this knowledge, it will be easier to optimise 
HF-nhPHIP conditions to target oligopeptides from biological fluids.  

This thesis has utilized both targeted and untargeted experiments to showcase the 
effectiveness of HF-nhPHIP in accurately identifying and quantifying analytes within 
complex biological matrices. The capability of HF-nhPHIP to differentiate between 
species was demonstrated by detecting urine samples from both humans and canines.  
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Abstract 
Development of Applications for High-Field Non-
Hydrogenative PHIP for the Analysis of Biological Fluids 
The enhancement of Nuclear Magnetic Resonance (NMR) spectroscopy through 
hyperpolarization techniques, notably high-field non-hydrogenative Parahydrogen 
Induced Polarization (HF-nhPHIP), has opened up promising avenues for the detailed 
analysis of complex biological systems. This thesis explores the applications of 
HF-nhPHIP, with the goal of making advancements in the areas of metabolomics, 
pharmacokinetics, and non-invasive diagnostics. The work is driven by the necessity to 
surpass traditional NMR spectroscopy’s limitations, such as low sensitivity and the 
challenge of detecting and quantifying low-abundance metabolites without altering the 
samples’ chemical identity. HF-nhPHIP emerges as a solution to these challenges, 
enhancing both the sensitivity and selectivity of NMR analyses. 

This research introduces novel contributions to NMR spectroscopy by improving NMR 
sensitivity for real applications. The thesis covers optimization of experimental 
conditions for HF-nhPHIP, elucidation of the binding mechanisms of oligopeptides to the 
iridium catalyst, and provides sample protocols for targeted and untargeted analyses of 
biological samples. It explores the impact of co-substrate on HF-nhPHIP chemoselectivity 
and optimizes experimental conditions for a wide range of applications, extending 
detection limits. 

The findings reveal HF-nhPHIP potential in enhancing the detection and quantification 
of analytes within complex biological fluids, such as human and canine urine. By including 
DFT calculations a more in-depth understanding was achieved for oligopeptides 
detection with HF-nhPHIP. The development and application of HF-nhPHIP in the analysis 
of biological fluids marks a significant leap in NMR spectroscopy. This thesis establishes 
a groundwork for future exploration, highlighting parahydrogen hyperpolarization’s vast 
potential in scientific and medical research. 



84 

Lühikokkuvõte 
Kõrges magnetväljas paravesinikul põhineva 
mittehüdrogeenuva hüperpolarisatsiooni meetodi 
rakenduste arendamine bioloogiliste segude analüüsimiseks 
Kõrges magnetväljas paravesinikul põhinev mittehüdrogeenuv hüperpolarisatsiooni 
meetod (HF-nhPHIP) on avanud paljulubavaid võimalusi keerukate bioloogiliste 
süsteemide detailseks analüüsimiseks tuumamagnetresonantsspektroskoopiaga (TMR). 
See doktoritöö uurib HF-nhPHIP uuenduslikke kasutusviise eesmärgiga teha edusamme 
metaboolomika, farmakokineetika ja mitteinvasiivsete diagnostikameetodite 
valdkondades. See töö on ajendatud vajadusest ületada traditsioonilise TMR 
spektroskoopia piiranguid nagu madal tundlikkus ja madalas kontsentratsioonis 
metaboliitide tuvastamise ning kvantifitseerimine. HF-nhPHIP ületab need piirangud, 
tõstes nii TMR analüüside tundlikkust kui ka selektiivsust, hõlbustades bioloogiliste 
protsesside mõistmist ja abistades farmatseutilistes uuringutes. 

See uurimus tutvustab uudset lähenemist TMR spektroskoopias, optimeerides 
HF-nhPHIP eksperimentaalseid tingimusi, valgustades molekulide seostumismehhanisme 
iriidiumi katalüsaatoriga ning demonstreerides tehnika rakendatavust nii sihitatud kui ka 
sihitamata bioloogiliste proovide analüüsimiseks. Töö uudsus peitub selle võimes tõsta 
TMR spektroskoopia tundlikkust ja selektiivsust, laiendada tuvastatavate ainete hulka 
oligopeptiididele ning pakkuda uusi teadmisi HF-nhPHIP kontekstis toimuvate 
interaktsioonimehhanismide kohta. 

HF-nhPHIP potentsiaal ainete tuvastamisel ja kvantifitseerimisel keerukates 
bioloogilistes segudes on näitlikustatud inimese uriini analüüsimisel. Laiendamaks 
meetodi kasutatavust, võrreldi inimese ja koera uriinispektreid. Lisaks sellele keskendus 
töö oligopeptiidide seondumismehhanismide uurimisele iriidiumi katalüsaatoriga, 
aidates kaasa hüperpolarisatsiooni protsessi sügavamale mõistmisele. Doktoritöö 
raames hinnatati kaas-substraadi mõju HF-nhPHIP kemoselektiivsusele ning optimeeriti 
eksperimentaalseid tingimusi laia rakenduste valiku jaoks.  

Kokkuvõttes märgib HF-nhPHIP arendamine ja rakendamine bioloogiliste segude 
analüüsis olulist hüpet TMR spektroskoopias. See doktoritöö loob aluse tulevaseks 
uurimistööks, rõhutades selle suurt potentsiaali teadus- ja meditsiiniuuringutes. 
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Appendix 1 

Publication I 
Reimets, N.; Ausmees, K.; Vija, S.; Reile, I. Developing Analytical Applications for 
Parahydrogen Hyperpolarization: Urinary Elimination Pharmacokinetics of Nicotine. 
Anal. Chem. 2021, 93 (27), 9480–9485. https://doi.org/10.1021/acs.analchem.1c01281 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Ausmees, K.; Reimets, N.; Reile, I. Parahydrogen Hyperpolarization of Minimally Altered 
Urine Samples for Sensitivity Enhanced NMR Metabolomics. Chem. Commun. 2022, 58 
(3), 463–466. https://doi.org/10.1039/D1CC05665D 
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̂ _̀X0E1J4C-E,-TV[+,BK40a=334CD1FIF=B,F/,2=B1,+=C0,B,./0=0,BC0,23.43F43,F,-=1B=0F4CI+4C-178LD1.CC=.I-=1B1DIF=B4=B24-E,B1.H=D-E4+1L0IK0-F,-4=0+E,B>4C-13/F=C=B4?@b]E404+1BC=-=1B0HE1J4G4FH,F4IB0I=-L,K.4D1F,B,./0=01D-E4F40-1D-E424-,K1.1240=B+4-E4E=>E+,-,./0-,cB=-/1D3/F=C=B43F4G4B-0-E4.1J4F,cB=-/24-,K1L.124DF12 K=BC=B>?@8d.-E1I>Ee;J=-EfghA=0aB1JB-1-1.4F,-4.1JJ,-4F+1B+4B-F,-=1B0=B0,23.40H@:JE4Bb8iN1DIF=B4J,0C=.I-4C=BjM8iN1D24-E,B1.=+01.I-=1B1De;78LD1.CC=.I-=1BAH1B./ -J1 C12=B,-=B> C1IK.4-0 ;67@?kM ,BC677?8l332A,.1B>J=-E G4F/D4J 1-E4FE/CF=C40=>B,.0;<=>?7,AJ4F41K04FG4C?T=B+4IF=B4=0,+=C=+H=-+,BK4F,-=1B,.L=m4C-E,-K,0=+B=-F1>4B1I024-,K1.=-40J1I.CK43F1-1B,-4CHF4BC4F=B>-E42 4=-E4FIB,K.4-1K=BC-1e1F=B01.IK.4=B24-E,B1.?nB+F4,0=B>IF=B43U=B,B,--423--1C43F1-1B,-4,B,./-400=23./=B+F4,04C-E4-J10=>B,.0;<=>?@KAHJE=+EJ4F4,--F=KI-4C-1+123.4540J=-EIF=B,F/,221B=,;QUbAH,aB1JB>11C.=>,BCD1Fe?@jT=B+4-E4+1B+4B-F,-=1B1D,221B=,;o_Xb82RA@l45+44C0-E,-1DC=,>B10-=+,../G,.I,K.424-,K1.=-40,-.1JLiR.4G4.0K/1FC4F01D2,>B=-IC4H-E4E=>E4F,cB=-/QUb45+.IC40,B,./0=01D210-1D-E41-E4FJ=04+,-,./0-=B-4F,+-=B>24-,K1.124?Z1B04pI4B-./HIF=B40,23.43F43,F,-=1B0E1I.CD1+I01BF421G,.1D,221B=,HJE=+E=0210-./D1F24CK/C4>F,C,-=1B1DIF4,?@Md.-E1I>E-E4.,--4F=0,311F.=>,BCD1Fe,BCC140B1-=B-4FD4F4J=-E3U7LUVH@b=-=0-E42,q1F1F>,B=++1231B4B-1DIF=B4;I3-1j8r1D1F>,B=+01.=C0A?T=B+4=-J1I.C04FG4,0,B,221B=,311.HIF4,0E1I.C,.01K4F421G4CK4D1F4,B,./0=0?nB3F=B+=3.4HIF4,+1I.CK4C4+123104CIBC4F2=.C+1BC=L-=1B0K/-E4IF4,044Bm/24?@kU1J4G4FHIF4,04-F4,-24B-=0aB1JB-1=B-F1CI+4,F-=D,+-0,BC2=0=B-4F3F4-,-=1B0=B-1IF=B4,B,./0=0@k,BC0-=..F4pI=F40F421G,.1D-E4F40I.-=B>,221B=,?]E4.,--4F3F1G4C-1K4+E,..4B>=B>H0=B+4IBC4F2=.C+1BC=L-=1B0;3UskA,221B=,0-,/0-F,334C=BIF=B4,0B1BG1.,-=.40,.-0,BC+1I.CB1-K4F421G4CK/G,+II2CF/=B>?

t1-E-,0a0uE/CF1./0=01DIF4,,BC,221B=,0-F=33=B>@\H78uJ4F4,+E=4G4C,-1B+4=D-E43U1DIF=B4J,0F,=04C-1,K1G4-E43v,1D,221B=,;3Uw \?bA?T+F44B=B>1DF4,+-=1B+1BC=-=1B0;<=>?7+u4A3F1G4C-E,-=B-E43F404B+41D,0-F1B>K,04;01C=I2E/CF15=C4AIF4,=0+E42=+,../C4+123104C,-3U@@,-F112-4234F,-IF4H,..1J=B>-10a=3IF4,04-F4,-24B-?d0,3F4+,IL-=1BH-12=B=2=m4-E4F=0a1DIBC40=F4C24-,K1.124C4>F,C,L-=1BHG,+II2 CF/=B>J,00IK0-=-I-4C J=-E ./13E=.=m,-=1BH.4,G=B>1B./-F,+4,21IB-01DF40=CI,.QUb=B-E40,23.4?]E43F1+400/=4.C0,221B=,0-F=334C01.=C0-E,-+,BK4F4+1B0-=-I-4CH3F404B-=B>,B1331F-IB=-/-13F1CI+4,+1B+4BL-F,-4C0,23.4H0=2=.,F./-1TV[=B4,F.=4FJ1Fa0?Mu\Z1B+4BL-F,-=1BJ1I.CK4C40=F4C-1+1234B0,-4D1F0,23.4C=.I-=1BI31B2=5=B>J=-E,24-E,B1.=+;13-=2,.01.G4B-D1F3U7LUVA01.I-=1B1De?d++1FC=B>./H01.=C0DF12 7?:2N1D,221B=,0-F=334CIF=B4J4F4F4+1B0-=-I-4C=B@j8iN1DP7O;@lLD1.C+1B+4B-F,-=1BA?U1J4G4FHJE4B-E4+1B+4B-F,-4J,02=54CJ=-E24-E,B1.LC:01.I-=1B1DeHE4,G/3F4+=3=-,-=1B1++IFF4CH,024-E,B1.C140B1-01.IK=.=m4,..IF=B,F/0,.-0H.=3=C0HŴoXnB1FC4F-1F421G4-E43F4+=3=-,-43F=1F-1=B-F1CI+=B>-E401.I-=1B1DeH:j8iN1D24-E,B1.LC:J,0,CC4C-1-E4P7O01.I-=1B;@xbG1.yG1.HF4CI+=B>+1B+4B-F,-=1BD,+-1F-1:LD1.CA,BC+4B-F=DI>4C?b8iN1D-E4F40I.-=B>0I34FB,-,B-J,02=54CJ=-EjM8iN1D24-E,B1.=+01.I-=1B1DeH3F1CI+=B>,3U7LUV+123,-=K.4jLD1.CC=.I-4CIF=B40,23.4J=-E@?7jrG1.yG1.P7O+1B-4B-?3U7LUV,B,./0=01D-E42=5-IF4/=4.C4C,+123.45@P034+-FI2 1D1G4F.,33=B>E/CF=C40=>B,.0;<=>?@A-E,-J,0
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+,-./0,1234545,678,+.9:;<=4;>?@ABC.++,/<43.=,DE,+3>,=4?F3GHIBJK+,0,</3=G45,3=L.+><43.=+3C5+,-E.=-,.L45,>3=39><//M</4,+,1;+3=,-<>E/,HN1,=43L3C<43.=.L<=</M4,-+,-E.=-3O/,L.+45,-3G=</-3-<C5<//,=G,45<4<4E+,-,=43-O,-4<11+,--,1OM3=4,+=</-4<=1<+1<11343.=PP<=1OMC.>E<+3=G5ME,+E./<+38,1-3G=</L+,:;,=C3,-2345,D4,+=</-4<=1<+1-HQ,31,=43L3,1EM+313=,1,+30<430,-=3C.43=,JC.43=3=,J=3C.43=<>31,<=1I95M1+.DMC.43=3=,J45<45<0,E+,03.;-/MO,,=1,4,C4,1OMRSTO<-,1<EE+.<C5,-JUJVO;4</-.<1,=3=,?=;C/,.O<-,BJ<1,=.-3=,JG;<=.-3=,?=;C/,.-31,-B<=1E.4,=43</C<=C,+O3.><+W,+-XY9>,45M/<1,=.-3=,<=1XP9>,45M/<1,=.-3=,?F3GHI<=1TRNZBHR.>,.L45,-,?[\]\J<1,=3=,<=1=3C.43=,B<+,.L-;̂ C3,=4/M13_,+,=4E./<+34M<=1<C31̀O<-,E+.E,+43,-4.><W,45,3+C.=C;++,=43-./<43.=OMRST13LL3C;/4Ha.+,,/<O.+<4,<--3G=>,=4.L-3G=</-J<-2,//<-1,0,/.E3=G=,2 <--3G=>,=4-4+<4,G3,-J+,><3=-<L.C;-L.+.=G.3=G+,-,<+C5HN43-</+,<1MW=.2=45<4-3G=</-L+.> -4+;C4;+<//M+,/<4,1C.>E.;=1-<+,13<G.=<//M</3G=,13=45,67 @A-E,C4+<K<=1-E,C4+</E+.D3>34MC<=O,C.>O3=,12345E+3.+W=.2/,1G,.=>,4<O./3CE<452<M-4.>,45.1./.G3C<//MG;31,-4<=1<+1<11343.= <̀-4+<4,GM45<42,5<0,;-,14.31,=43LM<=,>,+G3=G1+;G>,4<O./34,3=<E5<+><C.W3=,43C--4;1MHV

b5,<O3/34M4.;-,45,-,-3G=</-L.+:;<=43L3C<43.=.L4+<C,>,4<O./34,-3-<W,ML,<4;+,.L45,Ec69cSE+.C,--HPPd/3=,<+C.++,/<43.=.L-3G=</3=4,G+</-4.<=</M4,C.=C,=4+<43.=-3-><3=4<3=,1 <-/.=G <-45,C;>;/<430,C.=C,=4+<43.= .LC<4</M-493=4,+<C43=G<=</M4,-3--;O-4<=43<//MO,/.2 45,C.9-;O-4+<4,?F3GHPJefgBC.=C,=4+<43.=H6Pb53-C.=1343.=L<3/,14.O,>,423454ME3C</Ec69cSC<4</M-4<=1C.9-;O-4+<4,C.=9C,=4+<43.=-?PH6>a <=1PU>aJ+,-E,C430,/MBUJVJPP234545,-<>E/,E+,E<+<43.=.L453-2.+WHb5,:;<=434<430,+,G3>,2<-+,C.0,+,125,=45,C<4</M-4-M-4,> C.=C,=4+<43.=2<-+<3-,1L30,L./14.Y>ah<=1PiU>aefg?-,,TRNZBHQ,-E,C;/<4,45<453G5C<4</M-4/.<13=G3-+,:;3+,1-3=C,2,<+,,_,C430,/M3=4+.1;C3=G45,25./,>,45<=./-./;O/,L+<C43.=.L;+3=<+M>,4<O./.>,4.45,-<>E/,J+,-;/43=G3=<-;O-4<=43<//M53G5,+C;>;/<430,C.=C,=4+<43.=.LC<4</M-43=4,+<C43=G>,4<O./34,-45<=3=RST,D4+<C4-HF;+45,+>.+,JC,+4<3=53G5C<4</M-4<̂ =34M>,4<O./34,-?[\]\<>3=.<C31-BPIC<=L.+> 3++,0,+-3O/,C.>9E/,D,-2345N+9C<4</M-4-J+,=1,+3=G45,>3=<CC,--3O/,4.45,+,-4.L45,>,4<O./.>,HA;<=434<430,E,+L.+><=C,<4+<3-,1C<4</M-4/.<13=G2<-0,+3L3,1OM3=4,+=</-4<=1<+1<11343.=-,+3,-L.+I95M1+.DMC.43=3=,<=1P9>,45M/<1,=.-3=,?F3GHjBHk.45+,-E.=1,1/3=,<+/M23453=45,3+
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+,-.-/,01..234.451670-60467317,-6316/4890-6:,3;,6/7<171==.,01>7,-6801634.2-61=34?,071+.434.17,-68<,=+47@4468,/61.816?0-60467317,-68AB-@45439?C47-7<4617C34-:7<4;C.7,=C.84?47407,-6 80<4;49D 0-;+,64? @,7< 161.2748=40,:,0+,6?,6/E,647,08FF16?34.1G17,-69FH,6?,5,?C1.01.,+317,-60C3548<1547-+44871+.,8<4?:-3410<161.274AI60-60.C8,-69@4<154543,:,4?7<171;;-6,116?;47<16-.,68-.C+.4C3,640-;=-646781347<4;1,6-+8710.48,6161.28>,6/7<4,3,?,C;+,6?,6/.-@>;-.40C.13@4,/<7C3,6132;471+->.-;4@,7< 7<4=BF>BJ=3-0488AK4?454.-=4? 181;=.4=34=1317,-6=3-7-0-.7<1734;-5481;;-6,19C341L=3,;1328-C304-:1;;-6,1M18@4..187<4;47<16-.,60-;=17,+.4=-37,-6-:7<4;471+-.-;4AN<,81..-@87-15-,?OJP16?161.284;,6,;1..21.7434?C3,6492,4.?,6/1<,/<.20-;=.4G<2=43=-.13,Q4?FRSTUVW8=4073C;@,7<1@41.7<-:,6:-3;1>7,-6AN<,8740<6,XC40166-?-C+7+41?1=74?,6713/474?161.28,84G=43,;46789Y9Z+C7;-34,;=-37167.29,7=15487<4@127-@13?8<136488,6/7<41??4?8468,7,5,72,6;471+-.-;,0887C?,48,6:C7C343484130<AOC0<1==.,017,-68@-C.?6-764048>813,.234XC,34?4:,6,74161.274,?467,:,017,-66-3XC167,:,017,-68,60481;=.48@-C.?+40.188,:,4?+184?-6;471?171L[\]\?,8418487174M16?8=40731.:417C348L[\]\7<4=348460416?,67468,72-:8,/61.8MAN<40<4;-84.407,5,72-:7<4I3>0171.28716?161.2748-.C+,.,72,6;47<16-.@-C.?+47<4-6.2:,.743,6/.12438,67<4=3-04889@<,0<@,../1,61004887-7<4C64G=.-34?;471+-.,0,6:-3;17,-67<17.,48+4.-@7<4̂ _R-:34/C.13UVW90-;=46817,6/:-37<41??4?0-;=.4G,72,681;=.4=34=1317,-6AN<41C7<-3810E6-@.4?/4:,6160,1.8C==-37:3-; 7<43484130</3167JÒaa-:7<4P87-6,16W484130<b-C60,.918@4..18:3-; 7<4b46743-:PG04..4604NcaHd-:7<4e30<,;4?48f-C6?17,-6AN<41C7<-38@,8<7-7<16ER3V130-N48813,16?J3-:AI5- 4̂,7-:-3<4.=:C.?,80C88,-68A

ghijklmnohjlinpqponN<4341346-0-6:.,0787-?40.134ArhnpositqpjpqpimpoauA ÂV13E.429WAv3Cw80<@4,.439eAOAP?,8-69BAWAP/<+1.6,19WAJ-@4389RAW1:743216?RAOAK,8<1379xyzz\{|[}\~[��]��}��9F�aD9��9Hd�d�AFRAOAK,8<1379�z�x��z]}���}��\x�]�\9F��Y9��9FFY�FHDAH ÀeAeAU1/161 -̀@?116?RAW1:74329�\���}\�]��}\9F�a�9���9add�a��AduAB-546439eAUAJ315?,578459vAc,??9bAWAv-@4389OÀ .-w//.439cA�Ac-57C6-59VAJ.1C;1669WAc17Q>v3C..9cAvC0E46;1,439eAu4380<-@9fAW4,643,9NAN<4,89WA�AO<0<4=,69OAK1/6439UAVAVAS10<13,189JAv<17710<132116?PA�Ab<4E;46459�}�]�\x�]�\��}�\��\9F�aY9��LH�M9aaad��aaa�FA�bAK,77416? ÂO0<3-w?439���~[��]�\9F�aH9��9DYY�Y�FA�eAR429vAb<133,439PAV137,641C9bAR4+-3?49PA 1̀6?3,1C9eAV-,6/9RAu10-+9RAP8<0<46E-9VAO0<64..9WAV4.Q,9RAcC3Q+10<9VAb4,..,439TAb<1==C,89OAfAb-C8,69uÀ Ac4;=:9OAu166,69uA>UARC;4Q16?JÀ ,31C?41C9�}��\x�]�\9F�F�9 �9adY�D�adYDaAD ÂO4..,489IAW4,.49WÂAPÀ Ae8=4389VAbAf4,74389fAJAuANAWC7¡4816?VAN48813,9x�]�\x���y}\9F�aZ9��9DFH��DFHYAYIAW4,.49UAP8<C,89UAcAuAB43;E4689vAuAeA516K443?46+C3/9VAbAf4,74389fAJAuANAWC7¡4816?VAN48813,9�}��¢��9F�a�9£�£9d��a�d���AZUAW4,;4789cAeC8;4489OA�,¡116?IAW4,.49�}��\x�]�\9F�Fa9 �9ZdY��ZdY�Aa�UAP8<C,89UAB43;E4689vAuAeA516K443?46+C3/9VAbAf4,74389fAJAuANAWC7¡489OAOAK,¡;46/116?VAN48813,9�\��\x�]�\¤��\9F�ad9£��9F�Z��F�ZYAaaUAcAuAB43;E4689UAP8<C,89vAuAeA516 K443?46+C3/9VAbAf4,74389fAJAuANAWC7¡489OAOAK,¡;46/116?VAN48813,9�}��\x�]�\9F�a�9¥¥9Hd���HdaFAaFUAuAK--?9uA1Av3166,/169OAvARC0E4779OA ÂB417<16?uAK1/871¦9�\��\x�]�\¤��\9F��D9£� 9aa�aF�aa�aHAaH ÂO4..,489WAe8=4389VAbAf4,74389fAWC7¡4816?VAN48813,9�}�]�\x�]�\��}�\��\9R_I§a�Aa��F̈16,4AF�Fa�Z�YYAadUAcAuAB43;E4689WÂAPÀAe8=4389VAbAf4,74389fAJAuANAWC7¡4816?VAN48813,9���}\�]��}\x�]�\9F�aY9��9�HH��d�Aa�KAI1.,9JAuAW1264316?OAvARC0E4779¤�[\��©\9F�aY9�9411-�F��Aa�RAOAK,8<1379�ARAf4C616/9eAV130C9eAbÀ C-9cÂ ,16/9WA�1ªQXC4Q>f3486-9NAO1¡4?9RAu-<68-69bA ,̂9UAc13C9SAO1244?19PA -̂9UAe884;=-C39VAv43¡168E,,9OAO,6/<1.9RAe36?79�Â ,16/9BAv1?3169uÀ 31679eAO4331>b12C4.19�Â ,C9WAV16?1.9�AU454C9eAJ-69bAc6-G9VAK,.8-69bAV1610<16?eAO01.+4379�y��][���[���]�\9F�aY9��9R��Y�R�aDAaD ÂV1QQ4,9fAVC8,16,16?OAb,C3.,9�\~[��\�}�z�\x�]�\9F�F�9��9YFZ�Yd�AaYVAc<-?1?1?,16?VAJ-C3:13Q1;9�]��«����[��9F�F�9£�9��AaZPAuAc,;9BAc,;16?PÂ449�||�\¤�[\9F�Fa9££9ddaAF�BAW129fAJ43341C.716?NABAv-2439�}©[z�}\¤�[\�]��}��\9F�F�9��9aa����aa���AFaUAP8<C,89vAuAeA516K443?46+C3/9VAbAf4,74389fAJAuANAWC7¡489OAOAK,¡;46/116?VAN48813,9�}�]�\x�]�\��}�\��\9F�a�9��9adYa�adYdAFFUAcAuAB43;E4689VAbAf4,74389fAJAuANAWC7¡489OAOAK,¡;46/116?VAN48813,9�\���}\�]��}\9F�aD9���9aFF�aFDAFH ÂO4..,489WÂAPÀ Ae8=43816?VAN48813,9���}\�]��}\9F�Fa9�9HHa�Hd�A
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Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
Reimets, N.; Ausmees, K.; Vija, S.; Trummal, A.; Uudsemaa, M.; Reile, I. Parahydrogen 
Hyperpolarized NMR Detection of Underivatized Short Oligopeptides. Analyst 2023, 148 
(21), 5407–5415. https://doi.org/10.1039/D3AN01345F 
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XYZ[\ ]#̂�_��"# �̀à��� ���"$ $b�̂�  ̂cdec #$_a��f gèhei��jhdjkh��lj�mh��lj�mh��lj�fno�padk!�̀"q�! r̂a�̀a$��̀"s�! r̂!̀"!��dt� !du�̀�!���#��!vŵ "��adk� !��l��̀����h��lv� � ��r��$̀ �#$��lx��̀���j̀�q�̀�"l�r���$#"���w"�̂ �̂�#����r��pdt� !du#̂�_"#���̂"b���̀y�#��̂��ra�$b��l��̀���z{|}~�$�̂�"̀a$�"�"$ p��"�$a�a�"!��#� b$̀__$ $x� !l"!� ����#$_a��f����|�mhr���$wjv�m��mh̀�!jv�f��mhl���j� ! �̀q�̀��!�f��mh�̀�rj�"���pt r�f$̀ �m�"�� $�$##�a"�!lr� � ��r��"����� �alr�#$��l��̀���ŵ "#̂ "�à��� �" �f#���p
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Appendix 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
Ausmees, K.; Reimets, N.; Reile, I. Understanding Parahydrogen Hyperpolarized Urine 
Spectra: The Case of Adenosine Derivatives. Molecules 2022, 27 (3), 802. 
https://doi.org/10.3390/MOLECULES27030802 
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Q�}F
���S�;��=4%�223��>="��&��>�R�  2�
@�8l��4-�!
4�80�� ��!*
l�84���2�$
H�80��0�!*
I�86��I�$
4�84�9%$!�%:(�<���2$��2�26$���%G�%2��6%��2)
4���!
I�!*
�!�5�2)%$<4�!<�%$!��$1�!�2��D~�m�xL�	Oy
}
�
�j���=4%�223��>�j� '�$���
���'�$���
"��&�!�1���
7�� �%��%)-
7�&��$U��!�<���2$��2�2�$���%G�%2��%��%�:<�!<�%�$�*!�2�$!�V?�2��?�?���)$�!2�L_|XM�_J���X���J�	OP
Ff
�YRS�Rj�=4%�223��>�
� ��)�����$
/���!*���))$
"�&��I�)����
5�3�����9%$!�%:6$���%G�%2$!)-�Z$�*!�2$2�����!����!�4���%�<)��4�!<�%{�':2)���)$<3�.$�1�!�&�)�8�!��:2$2�NJAp_��M�	On
�
��
gS���g�=4%�223��>��� 6���)%�
'���,$�)
H��&�!���
3��5��
��4��@$�2�!
&�3��#!�V
4��6+�%!��-�
��4��#%$2-!���%)-:
3��'�����
H��I$�
"���)����-�-���!�%$!���)��������D~�m�xL�	Oy
}
�j;�jR�=4%�223��>;�� "�.��.�
(�(���-��?2�!
4�6��-�/��%*$!* �����%G2��4�!<�%&�)����$2��A�����cp�J�	On
�F
�jSgj�=4%�223��>;�� "�<�%
Z��Z,�+�
"�"��6�2)
"��5��$!�
3�0��Z%�-�
4��I$�
I��0�%�!$<
(��&�<�%�
'����%,$<
��&�??$!*-:?�V$�8$!��<���$��!�%*�)$<%��%%�!*���!)2�!���)����$<2$*!��$!*�:�
78�22$2)��;�"(&3�!�� (&32?�<)%�2<�?:����JA���JWX��B�CJ�		u
�ke
�
�S�
��=4%�223��>;�� Z%�:��2
&��Z��$!
5��6�!2����
7��Z���$2
0�/����)���%$2���?�%$!�2�����$!�8$�$!�)��)���%$2�$!�8��G:����!$!�2�NJĈJAB�CJm��JO�rr
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Qw}��ff
j�;Sj;��=4%�223��>;g� #�?$!�2
I�/��7?�%2<-���
6�"��I�%2�!
/��'$*��
 �9!��%2)�!�$!*)-��<$�86�2�"%�?�%)$�2�����!�2$!�{�-��!)%$!2$<6�2$<$)$�2��(�
(;�!�(j�AB�CJKL�MJNJ�	OO
Q�

�YRS
�Rg�=4%�223��>;Y� I�
T��@�!*
s��@�!*
&��H�
'��T-�!*
s��T-�!*
T��T-��
 ��I$�
l�� ��!*
T��o$�
T���)���92$!*9 "I4s8�%�?�&'�2�<��?����!)�%:)�<-!$t��)�$!8��?)-�$!�9"I4s8�7H�&'��)���%$��!)$�:$!*���$U��!�<���2$��2$!�%$!��NJABM�Cpc�̀MJW�	Or
QfkQ
��
S��j�=4%�223��>;R� #�.�<2
 ��&�2G��
Z��'?%���
&�4%:�*�!$<���:<�����?%���2�����?$!(&3)�<-!���*:�DM�̀Jx���J�p̀_Jq���_Jmv��cM���J�		P
ze
�;�S�YY�=4%�223��>;j� (�))�%�%
0��6�%*�!
0�"�%�-:�%�*�!$!��<��?���%$,�)$�!�DM�̀Jx���J�p̀_Jq���_Jmv��cM���JO��r
FQ
��;S;�Y�=4%�223��>





 

123 

Appendix 5 
 

 
 
 
 
 
 
 
 
 
 
 
 

Publication V 
Reimets, N.; Ausmees, K.; Reile, I. Current State of the Art of Analyte Scope in Urine 
Metabolome Analysis by Non-Hydrogenative PHIP. Journal of Magnetic Resonance Open, 
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	The sensitivity issue has been addressed by improving the hardware, software, and developing new measurement schemes. Regular NMR still has a limit of detection in micromolar concentration range, which is a problem as numerous compounds present in biological samples (e.g. urine) are more than an order of magnitude below that concentration. Advancements in engineering have introduced better equipment and magnets with stronger magnetic fields, nevertheless, these don’t offer orders of magnitude improvements in signal intensity compared to the 21st century modern high field magnets.
	On the other hand, the use of hyperpolarization techniques has had a significant impact on the advancement of NMR spectroscopy by improving its sensitivity. Among a variety of different hyperpolarization techniques, high-field non-hydrogenative PHIP (HF-nhPHIP) stands out for its robust setup. By using a singlet form of hydrogen gas, parahydrogen, NMR signal sensitivity is enhanced over 1000-fold and hence, allows the analysis of dilute samples. This thesis focuses on HF-nhPHIP, exploring its novel applications in analysing complex biological fluids. 
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	Chapter 3.2.1 discusses how the chemoselectivity of HF-nhPHIP catalyst can be tuned to detect specific analytes. In Chapter 3.2.2, the application of HF-nhPHIP as a method to detect oligopeptides is discussed, acknowledging the difficulties involved in short peptide analysis (Publication III). 
	A set of guidelines on what to consider when using HF-nhPHIP approach is given in Chapter 3.3. Different sample preparation techniques are presented, which can be used to employ the HF-nhPHIP in targeted and untargeted analysis of complex biological samples. The development of methodologies for targeted and untargeted analysis represents a promising advancement of using NMR in the fields of metabolomics, pharmaceutical industry, and non-invasive diagnostics. 
	Chapter 3.3.1 presents a straightforward method for quick and easy signal assignment using a database (Publication IV). 
	Moving beyond the analysis of human urine, Chapter 3.4 of the thesis discusses the data extracted from HF-nhPHIP spectra of canine and human urine samples (Publication V).
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	Magnetic resonance is a physical phenomenon where atomic nuclei or electrons respond to magnetic fields by emitting or absorbing electromagnetic radiation. In nuclear magnetic resonance, we consider the electromagnetic interactions of a nucleus. 
	The nucleus of an atom has electromagnetic interactions with its surrounding – electrostatic because of charge, and magnetic because of magnetic dipole moment determined by nuclear spin quantum number. Depending on the number of protons and neutrons, the nucleus may have a zero or a non-zero nuclear spin quantum number (𝐼). If the number of protons and neutrons is even, the nuclear spin quantum number is 𝐼=0 (12C, 16O). However, if the number of protons and neutrons is odd, the nuclear spin quantum number can have an integer, e.g. 𝐼=1 (2H) or a half-integer value, e.g. 𝐼=1/2 (1H, 13C, 15N), 𝐼=5/2 (17O). A nucleus which has a non-zero nuclear spin possesses a magnetic dipole moment (Figure 1).1 
	𝝁=𝛾𝑰
	The nuclear magnetic moment (or nuclear magnetic dipole moment), μ is a vector quantity that represents the strength and orientation of a nucleus’s magnetic field. It depends on the nuclear spin angular momentum 𝐈, and nucleus specific gyromagnetic ratio 𝛾 (Equation 1). 
	(1)
	/
	Figure 1. The nuclear magnetic dipole moment μ is determined by the nuclear spin angular momentum 𝑰 and nucleus specific gyromagnetic ratio 𝛾.
	The nuclear magnetic dipole moment determines how nuclei interact with external magnetic fields. When a nucleus with a non-zero magnetic moment is placed in an NMR magnet, it experiences a torque that tends to align its magnetic moment with the field. Because of the nuclear magnetic dipole moment and the nuclear spin states, the energy levels become quantized (distinct). The number of possible energy levels is determined by 2𝐼+1 from Zeeman splitting (Figure 2). The quantization of energy levels is a fundamental aspect of quantum mechanics and is crucial for phenomena such as nuclear magnetic resonance (NMR) and electron spin resonance (ESR). In NMR, transitions between these quantized energy levels occur when the nucleus absorbs or emits electromagnetic radiation of a frequency that matches the energy difference between the levels. 
	𝓗=𝓗𝑒𝑙𝑒𝑐+𝓗𝑚𝑎𝑔
	The mathematical description of the interaction between spin and magnetic fields is given by Hamiltonians. The nuclear spin Hamiltonian, denoted as 𝓗, represents the total energy operator for a system of nuclear spins and describes how the energy levels of the nuclear spins are affected by various interactions within the system (2). 
	(2)
	It turns out that for nuclei with the nuclear spin quantum number 𝐼=1/2, electric interactions vanish, 𝓗𝑒𝑙𝑒𝑐=0, as they do not depend on the orientation of the nucleus.1 Therefore, for spin=½ nuclei, e.g. 1H, 13C, 15N, 31P, common atoms present in biological substances, only magnetic interactions, 𝓗𝑚𝑎𝑔, need to be considered. 
	𝓗𝑚𝑎𝑔=−𝝁∙𝑩
	In the case of protons, which have 𝛾>0, the nuclear magnetic energy is lowest when the magnetic moment μ aligns with the magnetic field 𝐁, and highest when the magnetic moment is in the opposite direction.1
	𝓗𝑜𝑛𝑒 𝑠𝑝𝑖𝑛=−𝛾𝐵0𝐼𝑧
	(3)
	Conventionally, the external magnetic field 𝐁0 generated by the NMR magnet is along 𝑧-axis (Cartesian coordinates) and the minimal nuclear magnetic energy Hamiltonian is simply 
	(4)
	where 𝐼𝑧 is a quantum mechanical operator that represents the component of nuclear spin angular momentum along the direction of the external magnetic field. The wavefunctions of this Hamiltonian are described by the eigenfunctions. There can be 2𝐼+1 wavefunctions for the quantum mechanical operator 𝐼𝑧. Eigenfunctions are dependent on the quantum number 𝑚, which can have values from −𝐼 to +𝐼 in integer steps.2 This means that for spin=½ nuclei, 𝑚 can be either −12 or +12 resulting in two eigenfunctions, 𝜓+12 and 𝜓−12. The eigenvalues of these eigenfunctions are the available energy levels. For convenience the energy levels are labelled as 𝐸𝛼 and 𝐸𝛽:
	 𝐸𝛼=−12ℏ𝛾𝐵0 
	𝐸𝛽=+12ℏ𝛾𝐵0
	(5)
	𝜔0=−𝛾𝐵0
	(6)
	The energy difference between the allowed energy levels 𝐸𝛼 and 𝐸𝛽 is related to the Larmor frequency 𝜔0 (in rad s-1) of a nucleus. Larmor frequency is proportional to the external magnetic field (Equation 7).
	(7)
	𝜐0=−𝛾𝐵02𝜋
	Expressed in hertz (Hz), Larmor frequency 𝜐0 is defined as 
	(8)
	When spin=½ nuclei are placed in a magnetic field (like NMR magnet), Zeeman splitting introduces two energy levels: 𝐸𝛼 and 𝐸𝛽 (Equations 5 and 6), where spins tend to align either parallel (𝛼-state) or antiparallel (𝛽-state) with respect to the magnetic field (Figure 2). The population difference of nuclear spins aligned with or against an external magnetic field determines polarization (Equation 9). Higher polarization means there is a greater difference between the populations of the lower and higher energy nuclear spin states, leading to an enhanced NMR signal. Polarization is described by
	𝑝=𝑠𝑔𝑛(𝛾)𝑁𝛼−𝑁𝛽𝑁𝛼+𝑁𝛽
	(9)
	where 𝑁𝛼 and 𝑁𝛽 represent the number of spins in the respective state and 𝑠𝑔𝑛(𝛾) is the sign of gyromagnetic ratio.
	/
	Figure 2. According to Zeeman splitting spin=½ nucleus has 212+1=2 energy levels 𝐸𝛼 and 𝐸𝛽, when placed in an NMR magnet with a magnetic field 𝑩0. At thermal equilibrium spins form an anisotropic distribution with a bias towards low magnetic energy state, which for 𝛾>0 like 1H nucleus is 𝐸𝛼. This partial orientation along the magnetic field follows Boltzmann distribution and determines the level of polarization in the sample. The polarization increases as the strength of the external magnetic field increases.
	The nuclear spins’ tendency to align with the external magnetic field gives rise to net magnetic moment, also referred as longitudinal magnetization 𝐌 (Figure 3a). It is the vector sum of the individual magnetic moments of the nuclei with a non-zero spin. This net magnetization is central to NMR, as its manipulation through radiofrequency (RF) pulses and its subsequent relaxation produces the NMR signal. RF energy is used in NMR because it induces transitions between energy levels 𝐸𝛼 and 𝐸𝛽 without causing other types of molecular excitation. 
	To manipulate the aligned spins, a short-duration RF pulse is applied perpendicular to the static magnetic field 𝐁0 and the longitudinal magnetization 𝐌. The frequency of this RF pulse will be approximately equal to the Larmor frequency of the nuclear spins. On resonance RF pulse generates a magnetic field, which exceeds the B0 field. This effectively tilts 𝐌 away from its initial alignment. The angle of rotation is determined by the duration and strength of the applied RF pulse. 
	The simplest NMR experiment uses a single 90° pulse. The spins are initially coherently aligned with 𝑧-axis (Figure 3a). After applying a 90° pulse (𝜋/2 radians), they experience a rotation about 𝑥-axis, the net magnetization of spins will be along −𝑦-axis (Figure 3b). This creates a transverse magnetization. Initially, spins will precess around the 𝑧-axis at the Larmor frequency, but after a while, they will lose their coherence. This makes the transverse magnetization decay and longitudinal magnetization form along the 𝑧-axis due to spins realignment with the magnetic field (Figure 3c). During this process, oscillating magnetization vector 𝐌 generates detectable electric current in the receiver coil. This electric current can be drawn as a decaying sine wave as the nuclei realign. The wave is called free induction decay (FID) and is detected in time-domain by the NMR receiver coil, after which it is transformed to the frequency-domain using Fourier transformation to generate a conventional NMR spectrum.
	/
	Figure 3. (a) Atomic nuclei partially align with the external magnetic field 𝑩0 and create a net magnetic moment, 𝑴. (b) A short-duration radio frequency pulse rotates 𝑴 to the 𝑥𝑦-plane, creating transverse magnetization. The field 𝑩0 generates torque on 𝑴 and makes nuclei precess at Larmor frequency. (c) After a while, spins lose their coherence, transverse net magnetization decays, and spins realign with 𝑩0. During that process, oscillating magnetization vector creates electric current, which is detected in the receiver coil to get a spectrum.
	The electrons orbiting nuclei generate a secondary magnetic field that opposes 𝐁0, effectively diminishing the magnetic field strength directly experienced by the nucleus. This slightly attenuated magnetic field is termed the effective magnetic field, 𝐁𝑒𝑓𝑓, and its strength varies among atoms with different chemical environments, influenced by the electron density surrounding the nucleus. The presence of neighbouring electronegative atoms (e.g., F, O, N, Cl, Br, etc.) that withdraw electrons modify the chemical environment surrounding the nucleus. In NMR, the phenomenon is known as shielding. 
	Because of the shielding effect, the structure of a molecule can be determined as different functional groups (e.g. CH3, CH2, OH) resonate at slightly different frequencies. To compare the frequencies of those functional groups without depending on the magnetic field strength chemical shift is used. The chemical shift δ is quantified in parts per million (ppm) as the difference between the resonance frequency of a nucleus (𝜐) and the reference frequency (𝜐𝑟𝑒𝑓), often using tetramethylsilane (TMS) as the reference (Equation 10).
	𝛿=106×𝜐−𝜐𝑟𝑒𝑓𝜐𝑟𝑒𝑓
	(10)
	Chemical shifts are useful for distinguishing between different chemical environments within molecules and determining molecular structures (Figure 4). The range of chemical shifts varies significantly among atoms, with typical ranges being 0–10 ppm for 1H, 0–200 ppm for 13C, and −250 to 250 ppm for 31P. The stronger the magnetic field, the greater the separations between chemical shifts. For instance, if the chemical shift difference between two NMR peaks is 1 ppm, at 4.7 T magnet (from Equation 8) 1H Larmor frequency is 200 MHz) this difference translates to a frequency separation of 200 Hz. At 18.8 T (800 MHz), the separation increases to 800 Hz, and at 28.2 T (1.2 GHz), it further increases to 1200 Hz. Thus, higher field magnets enhance resolution, facilitating more precise differentiation between closely related chemical environments within a molecule. 
	Besides chemical shift, spin-spin coupling, also known as J-coupling or scalar coupling, helps to unravel the NMR spectrum by providing detailed information about the molecular structure and the environment of nuclei within a molecule (Figure 4). Spin-spin coupling arises from the indirect interaction between the magnetic moments of nuclei through the bonding electrons that link them. The coupling constant J, which is measured in hertz (Hz) quantifies the strength of the spin-spin coupling. The value of J provides information about the spatial relationship and the bonding environment between the coupled nuclei, as it depends on the bond angle, bond length, and the type of atoms involved. Spin-spin coupling leads to the splitting of NMR signals into multiplets (doublets, triplets, quartets, etc.), depending on the number of neighbouring nuclei (𝑛) with which a nucleus is coupled, and their spin quantum numbers (𝐼). The number of peaks in a multiplet is given by 2𝑛𝐼+1 for equivalent nuclei. For spin=½ nuclei this would simply be 𝑛+1 (Figure 4).
	/
	Figure 4. A simulated 1H spectrum of ethanol (CH3CH2OH). The effect of electron shielding gives rise to three peaks, which represent three different chemical environments in a molecule. (a) If there would not be any spin-spin coupling between the spins. (b) In the case of spin-spin coupling, the signals are split into a triplet, doublet of quartets, and a triplet because of neighbouring nuclei (n+1) rule.
	𝐼 ∝ 𝑁𝛼−𝑁𝛽𝑁𝛼+𝑁𝛽=𝑡𝑎𝑛ℎℏ𝛾𝐵02𝑘𝑇
	The intensity 𝐼 of the NMR signal depends on various factors: 
	 (11)
	Here, 𝑁𝛼 and 𝑁𝛽 represent the number of spins in the respective state, ℏ is the reduced Planck’s constant, 𝛾 is the gyromagnetic ratio of the nucleus, 𝐵0 is the strength of the external magnetic field, 𝑘 is the Boltzmann constant, 𝑇 is the absolute temperature in Kelvin. The Equation (11) illustrates that signal intensity increases with a greater population difference between the spin states, achievable at lower temperatures, and/or at higher magnetic fields, and/or by observing nuclei with a high gyromagnetic ratio, like 1H.
	However, at room temperature, nuclear spins are almost evenly distributed between the two energy levels. The resulting thermal polarization of protons (1H) is typically between 10-4 to 10-5.3 This small polarization leads to an extremely low net magnetization, resulting in inherently weak NMR signals, challenging for samples at low concentrations. Gains in polarization, and thus signal intensity, can be achieved by changing variables according to Equation (11). Yet, orders of magnitude improvements in NMR sensitivity cannot be achieved. As a result, alternative approaches, known collectively as hyperpolarization techniques, have been developed to significantly enhance NMR signal intensity.
	There is a variety of hyperpolarization techniques,3 which all aim to create a non-equilibrium distribution of nuclear spins, exceeding thermal polarization. For spin=½ nuclei, this means that population difference between 𝐸𝛼 and 𝐸𝛽 energy levels is increased (Figure 5), which gives rise to enhanced NMR signals and improved signal-to-noise ratio. The two most widely used hyperpolarization techniques are Dynamic Nuclear Polarization (DNP) and parahydrogen-based methods.
	/
	Figure 5. Hyperpolarization techniques manipulate spin states towards a significant population on one energy state. The higher population difference leads to a stronger NMR signal, which improves signal-to-noise ratio and increases sensitivity. 
	DNP is probably the more well-known out of the two. It was proposed and experimentally showed in 1953,4 soon after the discovery of NMR in 1946. DNP produces highly polarized spins using unpaired electrons (radicals) as its hyperpolarization source. Electrons have a much higher magnetic moment because of higher gyromagnetic ratio 𝛾𝑒=−28 024.951⋅2𝜋 MHz⋅T−1 compared to nuclear spins 𝛾1𝐻=42.577⋅2𝜋 MHz⋅T−1. This significant difference means that electrons can achieve a higher level of polarization under the same conditions (11). It is worth noting, however, that paired electrons do not contribute a net magnetic moment due to their opposing spins, which cancel each other out, and thus cannot be similarly polarized. In DNP, a microwave irradiation is used to excite the unpaired electrons and the excess polarization is transferred to nearby nuclear spins, significantly enhancing the nuclear spins’ polarization. With the development of strong microwave sources in the 1990s, DNP became widely adopted in solid-state NMR and became commercially available.
	In 2003, dissolution-DNP (dDNP) was introduced, expanding hyperpolarization through electrons to liquid samples.5 dDNP requires a rather sophisticated setup, including a polarizer (3.4-5 T) that can cool the sample down to 1-2 K, microwave source to irradiate the sample, a transfer line, an NMR magnet, and sometimes an automatic sample injection system (Figure 6).6,7 The dDNP workflow consists of minimum five steps. A liquid solution with a molecule of interest and a carrier of unpaired electrons (e.g. nitroxide radicals TEMPOL8 and TEMPO)9 are mixed and cooled in a DNP polarizer to cryogenic temperatures (Figure 6). The solid sample is then exposed to microwave irradiation to hyperpolarize the nuclear spins. Once polarization is maximized, the solid sample is quickly dissolved in a hot solvent, resulting in a highly polarized liquid solution. The obtained solution is promptly transferred to an NMR magnet through a transfer line for immediate measurement.5,10 
	/
	Figure 6. A schematic representation of a dDNP setup. After hyperpolarization in the DNP polarizer the sample is rapidly dissolved and transferred to the NMR magnet for acquisition. Reproduced and modified from 11. Copyright (2021) Elsevier. 
	While dDNP is a powerful technique for achieving hyperpolarization, it’s noteworthy that parahydrogen-based techniques have been around for a longer period.12–14 Parahydrogen provides a straightforward alternative for hyperpolarization in solution-state NMR, requiring a less complex and resource-intensive setup compared to dDNP.
	Molecular hydrogen (H2) comprises two coupled 1H nuclei. The coupled atoms with 𝐼=1/2, form a system, which can be described by a linear combination of two eigenstates: spin up (𝛼-state) and spin down (𝛽-state). Such a system has four combinations of the individual spin states αα, αβ, βα, ββ, through which two isomeric forms, known as orthohydrogen and parahydrogen, can be distinguished. These isomers are characterized by differences in the orientation of their nuclear spins (Figure 7). Orthohydrogen with a total nuclear spin quantum number 𝐼=1 and quantum number 𝑚 = −1, 0, 1, gives rise to three triplet spin states (Equation 12), and has a symmetric rotational state. 
	/
	(12)
	Parahydrogen, denoted as pH2, possesses a nuclear spin quantum number 𝐼=0 and quantum number 𝑚=0, resulting in a singlet spin state (Equation 13). Although parahydrogen’s nuclear spin quantum number 𝐼=0 renders it unobservable by NMR (Chapter 1.1), its highly correlated antisymmetric rotational state provides a unique opportunity for its application as a source of hyperpolarization.
	/
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	 /
	Figure 7. (a) Orthohydrogen and (b) parahydrogen spin isomers of molecular hydrogen. Orthohydrogen has a symmetric rotational state 𝐼=1, while parahydrogen has an antisymmetric rotational state 𝐼=0.
	At room temperature H2 gas ortho-para spin isomer ratio is 3:1, whereas at low temperatures (below 77 K), the low-energy pH2 spin state is preferred (Figure 8). To produce 50%-enriched pH2, hydrogen gas is brought into contact with a ferromagnetic catalyst (e.g. iron(III)oxide)15 in a liquid nitrogen bath. The catalyst enables fast ortho-para transition and because pH2 is a long-lived nuclear spin state, it cannot convert back to orthohydrogen spontaneously. This allows to warm pH2 back to room temperature without losing spin order. In reality, the conversion between ortho and para states happens slowly (over months) due to the presence of paramagnetic impurities such as O2.
	/
	Figure 8. At room temperature (300 K) molecular H2 gas comprises 75% ortho- and 25% para-isomers. Liquid N2 temperature (77 K), at the presence of a ferromagnetic catalyst (e.g. iron(III)oxide or charcoal), allows for preparation of 50% pH2, whereas temperatures below 20 K enable production of >97% pH2 fraction. By imbedding pH2 generator inside a cryogenic storage dewar, pH2 maintains its long-lived nuclear spin state outside of the dewar.15 Adapted with permission from ref. 16. Copyright (2015) Wiley-VCH GmbH, Weinheim.
	The first proposal of parahydrogen as a source of hyperpolarization was made by Bowers and Weitekamp in 1986.12 In 1987, they were also the first to deliberately use pH2 for NMR signal enhancement. They referred to their experiment as Parahydrogen And Synthesis Allows Dramatic Enhanced Nuclear Alignment (PASADENA).13 The PASADENA experiment utilizes pH2 intrinsic non-equilibrium distribution of nuclear spin populations, described by 2𝐼1𝑧𝐼2𝑧, where 1 and 2 refer to the two coupled hydrogen nuclei. For thermal equilibrium, the same notation would be 𝐼1𝑧+𝐼2𝑧. Parahydrogen itself is not hyperpolarized, but its correlated spin state can be used to hyperpolarize molecules. When pH2 is brought into contact with another molecule, the molecular symmetry of pH2 can be broken.
	Bowers and Weitekamp showed that a pair-wise addition of pH2 to an asymmetrical unsaturated molecule with a double or a triple carbon–carbon bond (alkene or alkyne, respectively) induces hyperpolarization of the molecule.12 When this is done at a high magnetic field (in an NMR magnet), pH2-derived protons become chemically non-equivalent. The transferred singlet state of pH2 forms new equally populated spin states 𝛼𝛽 and 𝛽𝛼, with allowed transitions to unpopulated states 𝛼𝛼 and 𝛽𝛽 (Figure 9a and b). 
	Shortly after publishing PASADENA, Pravica and Weitekamp proposed another similar method called ALTADENA (Adiabatic Longitudinal Transport After Dissociation Engenders Nuclear Alignment).17 In ALTADENA, pH2 addition and polarization is achieved outside the magnet, while acquisition is still conducted in a high-field NMR magnet for better signal sensitivity and resolution. The singlet state of pH2 remains in the molecule after hydrogenation reaction and governs only one eigenstate 𝛼𝛽 with allowed transitions to 𝛼𝛼 and 𝛽𝛽 (Figure 9c).
	Since the introduction of ALTADENA and PASADENA, different experiments have been developed to maximize polarization and widen the application scope of pH2 hyperpolarization. These experiments are commonly referred to as parahydrogen-induced polarization (PHIP).14 
	/
	Figure 9. Energy level diagrams with possible transitions and the resulting spectra of (a) thermal polarization experiment with orthohydrogen (b) PASADENA experiment, (c) ALTADENA experiment.
	While parahydrogen-induced polarization (PHIP) has proven to be a relatively simple and cost-effective hyperpolarization method in NMR, its application is inherently restricted by relying on the hydrogenation of an unsymmetrical alkene or alkyne. In order to address these limitations, a notable advancement emerged in the form of Signal Amplification By Reversible Exchange (SABRE), which was introduced by Adams et al. in 2009.18 This pioneering approach marked a departure from the necessity of hydrogenation reactions to achieve hyperpolarized NMR signals, presenting a paradigm shift in pH2 hyperpolarization techniques.
	In SABRE, a transient organometallic complex is used to reversibly bind pH2 and a molecule of interest, referred to as substrate (Figure 10). The antisymmetric spin order of pH2 is spontaneously transferred through spin-spin interactions (scalar coupling network) to the nuclear spins of the substrate and converted to non-equilibrium magnetization at low magnetic field (outside of the NMR magnet).18 Hyperpolarized substrate is detected after its dissociation from the metal catalyst. Typical substrates hyperpolarized via SABRE are small molecules – pyridine and its derivatives, alkaloids, purines, nitriles, Schiff bases, diazoles, amines, amino acids.19,20
	/
	Figure 10. The schematic representation of SABRE. Iridium-based catalyst precursor 1, [Ir(IMes)(COD)Cl], where IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD = cyclooctadiene,21 is mixed with substrate (sub) under parahydrogen pressure to form an active SABRE complex 2+. The correlated spin order of pH2 spontaneously transfers to the substrate nuclear spins through J-coupling at low magnetic field. Continuous substrate exchange, association, and disassociation with the metal catalyst leads to the build-up of hyperpolarized substrate free in solution.
	The concentration of a substrate has to be much higher than the concentration of the metal catalyst. This ensures that solvent molecules do not bind with the catalyst and consequently the formation of a SABRE inactive complex 3+ is avoided.19 Eshuis et al. implemented a co-substrate approach to enable hyperpolarization when substrate concentration is much lower than the catalyst precursor (Figure 11).22 They showed that adding a co-substrate, which has a stronger affinity for the iridium catalyst than the solvent, but a weaker affinity than substrates, the polarization transfer is preserved. This enabled to apply SABRE on dilute samples down to nanomolar concentrations.22 If the ratio of
	(14)
	is violated, solvent molecules can bind with the catalyst and produce inactive complexes.23 
	/
	Figure 11. After the hydrogenation of the complex precursor 1, metal complexes 4+ and 5+ can form at the presence of a co-substrate (co-sub). Provided that the ratio of [𝑠𝑢𝑏]≪ [𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡] <[𝑐𝑜-𝑠𝑢𝑏] is kept, the formation of complex 5+ is unlikely.
	Although SABRE, PHIP, and dDNP can enhance NMR signals in orders of magnitude, the hyperpolarization effects induced by these methods are often transient. For example, in dDNP, once the hyperpolarized sample is dissolved and transferred to the NMR spectrometer, the enhanced polarization relaxes back to thermal equilibrium. Similarly, the polarization enhancements achieved by SABRE and PHIP diminish over time because of relaxation processes. Consequently, the initial NMR scan shows the greatest improvement in signal strength. However, the temporary nature of hyperpolarization brings about certain limitations. In the case of extremely dilute samples or those needing high-resolution analysis, a single scan does not provide sufficient signal strength compared to the background noise. This calls for alternative approaches to obtain multiple scans to enhance the signal.
	High-field non-hydrogenative PHIP chemosensing (HF-nhPHIP) is a variant of PHIP, which uses the same chemical machinery as SABRE. HF-nhPHIP does not require the incorporation of the pH2 into the analyte, meaning no hydrogenation reaction with the analyte takes place during the experiment. HF-nhPHIP overcomes the one-scan experiment limitation and enables to acquire multiple scans with continuous hyperpolarization.24–27 Rather than relying on spontaneous polarization transfer outside the magnet (SABRE experiment), the entire hyperpolarization experiment is performed at high magnetic field without removing the sample from the NMR magnet in between the scans.25 With every scan pH2-derived hydrides corresponding to the active transient complex are recorded (Figure 12).25,26 
	/
	Figure 12. Schematic representation of the active complex 4+ in SABRE and HF-nhPHIP experiments. In SABRE, the correlated spin order of pH2 spontaneously transfers to the substrate nuclear spins through spin-spin couplings at low field, hyperpolarizing the substrate. The hyperpolarized substrate disassociates from the catalyst and is detected free in the solution. In HF-nhPHIP, the singlet state of pH2 is transferred to the magnetization of hydrides, resulting in enhanced NMR signals of hydrides. Substrate stays bound to the iridium complex, while the hydrides are detected.
	The iridium catalyst used in HF-nhPHIP has three vacant binding sites to be occupied by a (co-)substrate. These are referred to as equatorial (eq), equatorial (eq), and axial (ax) (Figure 13a). Nitrogen heteroaromatics typically bind to the iridium catalyst through one atom, referred to as monodentate binding (Figure 13b). On the other hand, some analytes can bind to the iridium through multiple atoms at the same time, in other words form bidentate binding configurations. Examples of bidentate binding to the iridium catalyst include, for example, pyruvate28 and amino acids.29 It is possible to distinguish two bidentate configurations: axial-equatorial (ax-eq, Figure 13c) and equatorial-equatorial (eq-eq) binding (Figure 13d). 
	/
	Figure 13. Schematic representation of the HF-nhPHIP complex. a) The iridium catalyst has three vacant binding sites: two in the equatorial plane (eq) and one in the axial position (ax). b) Pyridine associated through N-atom forming a monodentate binding. c) Glycine associated through N- and O-atoms forming a bidentate ax-eq complex. d) Pyruvate associated through O-atoms forming a bidentate eq-eq complex.
	The chemical shifts of hydrides reflect the substrate bound to the active complex 4+ (Figure 12).26,30 The resonance frequencies of hydrides fall into −15 to −29 ppm,28 which greatly differs from typical 1H signals in 0 to 10 ppm region. Based on the specific chemical shifts, it is possible to understand which nucleus is in trans position to the hydride in the equatorial plane.28,31,32 In a formed complex where nitrogen atom is trans to the hydride, chemical shifts fall into −20 to −24 ppm region. At the same time, a trans oxygen atom shifts hydride signals further away to −29 ppm,28,29 while sulphur atom gives rise to signals around −15 ppm.28,31 
	Every substrate that binds to the iridium catalyst gives rise to a transient complex that features signals with a doublet structure due to the J-coupling between the two hydrides — HA and HX (Figure 13). Because HA and HX both represent the same transient complex, they are referred to as a pair of doublets. The number of doublet pairs (HF-nhPHIP signals) associated with one substrate depends on the structure of the binding substrate itself. An achiral molecule, e.g. nicotinamide, gives rise to only one doublet pair (Figure 14a).33 On the other hand, when a chiral molecule, such as nicotine, associates with the iridium catalyst, two diastereomers are formed. This results in two pairs of doublets (Figure 14b). 
	When a molecule has more than one possible binding site, it gives additional signals – one pair of doublets per every binding site. For example, adenosine can associate with the iridium catalyst through two different N-atoms. Two pairs of doublets form because of this. On top of that, adenosine is a chiral analyte, which means that the number of observable signals is twice as many, resulting in four pairs of doublets (see Chapter 3.3.1 Figure 38).33
	/
	Figure 14. The HF-nhPHIP spectra of (a) nicotinamide and (b) nicotine. HA and HX form a pair of doublets because of the spin-spin coupling between the hydrides. The number of signal pairs that form per analyte depends on the structure of that analyte. While nicotinamide (nam) is an achiral compound and gives only one pair of doublets, nicotine (nic) is a chiral and forms two pairs of doublets, diastereomers with different physical properties.
	Adding a co-substrate to the HF-nhPHIP NMR sample in excess ensures that complexes with more than one analyte are avoided. The probability of having multiple analytes associating with the iridium catalyst at the same time is therefore very low and such complexes (as shown in Figure 11 with complex 5+) can be neglected, ensuring formation of complex 4+. The choice of co-substrate and its concentration in the HF-nhPHIP catalyst system is important for tuning the selectivity and efficiency of the iridium chemosensor. A good co-substrate should coordinate to the iridium catalyst and enable the formation of complexes with low-concentrated analytes with a sufficient lifetime to be detected with HF-nhPHIP.34 Different co-substrates allow for the detection of different types of analytes. For instance, methyltriazole (mtz) has proven to be an optimal choice for detecting N-heterocyclic analytes with HF-nhPHIP,25,26,35 while pyridine works well for amino acids.29,36 
	When only one substance is being detected with HF-nhPHIP, it is easy to understand, which HA and HX signals belong to the same complex (form a pair of doublets). However, it is rather complicated to assign hydrides signals to certain substrates in a complex mixture with hundreds of doublet pairs. To unravel the HF-nhPHIP spectra and determine which signals represent the same complex, two-dimensional (2D) zero-quantum (ZQ) spectroscopy can be used.25,37 Furthermore, Sellies et al. have shown that compounds possessing similar molecular structures give rise to hydrides that exhibit linear resonance patterns in a spectrum acquired through a 2D zero-quantum experiment.25 The fact that hydrides chemical shifts and ZQ frequencies are not random, makes spectral analysis a lot easier.
	𝛥𝑚𝛼→𝛽=𝑚𝛽−𝑚𝛼=−12−12=−1
	Obtaining an NMR spectrum requires a transition from one spin state to the other. The change in spin orientation is determined by the quantum number 𝑚, which can increase or decrease by ±1. Therefore, a spin=½ nucleus can go from 𝛼-state to 𝛽-state or vice versa (Equations 15 and 16). This change in spin orientation is called a single-quantum transition and it can be detected directly. 
	𝛥𝑚𝛽→𝛼=𝑚𝛼−𝑚𝛽=12−−12=1
	(15)
	(16)
	It follows that in a system of two coupled spins, there are four single-quantum transitions (see also Figure 9a). Additionally, there are two multiple-quantum transitions: double-quantum and zero-quantum transition (Figure 15, Table 1), which can be detected indirectly using 2D experiments (Figure 16). 
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	Figure 15. Possible transitions in a spin system of two spin=½ nuclei: SQ – single-quantum transition, DQ – double-quantum transition, ZQ – zero-quantum transition. DQ and ZQ are multiple-quantum transitions, which are directly unobservable. In parahydrogen hyperpolarization at high field like PASADENA experiment, 𝛼𝛽 and 𝛽𝛼 energy levels are overpopulated, sketched here as thicker lines. 
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	Table 1. Spin state transitions in a two-spin system.
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	Figure 16. 2D zero-quantum experiment helps to determine which signals belong to the same complex as they have the same ZQ frequency in f1 dimension (𝑦-axis), meaning they are on the same horizontal line on a 2D spectrum. The abbreviations are the following: nic – nicotine, nam – nicotinamide. Although here both HA and HX have the same color-coding, they are in opposite phases. One hydride features an absorption, while the other dispersion lineshape as described by Equation (35). Upper trace shows a 1D spectrum of the same sample with a zoom into nicotine signals, which is present in the sample at much lower concentration compared to nicotinamide. All signals in 1D experiment are in absorption mode.
	The hydrides in HF-nhPHIP are weakly coupled to each other, meaning that their spin-spin coupling constant 𝐽 is much smaller than the difference of their Larmor frequencies. Such coupled spin system is referred as an 𝐴𝑋 spin system and can be represented with product operators 𝐈𝐴 and 𝐈𝑋. Parahydrogen generates a non-equilibrium population 2𝐼𝐴𝑧𝐼𝑋𝑧, which can be turned into observable transverse magnetization after appropriate radio frequency and gradient impulses on the sample. A slightly modified pulse program, originally published by Sellies et al.25, is sketched on Figure 17. For a better understanding of how the HF-nhPHIP experiment works, the pulse program analysis through spin operators is presented.
	/
	Figure 17. The pulse program scheme used for 2D zero-quantum (ZQ) experiments.
	By applying a 𝜋/2-pulse along the 𝑥-axis, the net magnetization is rotated to 𝑦-axis, resulting in multiple-quantum coherence operators. 
	From A to B:
	 /
	(17)
	This multiple-quantum coherence 2𝐼𝐴𝑦𝐼𝑋𝑦 is a mixture of double-quantum (DQ) and zero-quantum (ZQ) coherences. 
	/
	(18)
	/
	(19)
	Both double-quantum and zero-quantum terms evolve under free evolution, as they are not affected by spin-spin coupling. Double-quantum coherence evolves as the sum of the Larmor frequencies of the two coupled spins. The zero-quantum coherence evolves as the difference of the Larmor frequencies. In the rotating frame, the Larmor frequencies correspond to the offsets, ΩAand ΩX, of the two spins 𝐴 and 𝑋.2 The ZQ term is more beneficial in HF-nhPHIP, because the difference of offsets is not influenced by the chosen reference frequency (Equation 7). The ZQ term will evolve under the free precession during 𝑡1 (Figure 17 B to C).
	From B to C:
	/
	/
	(20)
	It is possible to preserve ZQ coherence and suppress DQ coherence by applying gradient pulses. The coherence order of DQ is 𝑝=±2, indicating that it can be dephased by gradients, while ZQ coherence order is 𝑝=0, meaning it is not affected by gradients.2 Two gradient pulses, differing in their power and in opposite phases, are applied to keep only the ZQ term. Additionally, a 180° pulse is applied to refocus the chemical shifts.
	From C to D: 
	/
	/
	(21)
	From D to E: anti-phase operators are created
	/
	/
	(22)
	The spin echoes during 𝑡2 refocus the evolution under the chemical shift. The evolution under spin-spin coupling turns anti-phase operators back to in-phase operators.
	From E to F:
	/
	/
	(23)
	When 𝑡2 is calibrated so that 𝐽𝐴𝑋𝑡2=1/2, the cosine term cos(𝜋𝐽𝐴𝑋𝑡2) cancels out and the sine term sin(𝜋𝐽𝐴𝑋𝑡2) equals 1, giving Equation (24). 
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	(24)
	From F to G:
	/
	/
	(25)
	Once again one may recognize zero-quantum operator, which during period 𝜏1 goes from 𝑥-axis to 𝑦-axis.
	From G to H:
	/
	/
	(26)
	This is followed by 𝜋/2-pulse along the 𝑥-axis for detection.
	From H to I:
	/
	/
	(27)
	Finally, a spin echo is applied to select only hydrides. In the current spin operator analysis 𝜏2 is chosen so that 𝐽𝐴𝑋𝜏2=1/2, which simplifies the following equations. In real experiments, 𝜏2 was kept as short as possible. 
	From I to J:
	/
	/
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	From J to K:
	/
	/
	(29)
	The applied pulses cannot result perfect outcome because convection is consistently present in the sample. As a result, it is possible for unwanted anti-phase coherences to enter the detector and cause interference with the desired spectrum. To suppress unwanted anti-phase coherences, phase cycling is applied. This means that the second experiment is acquired with changed pulse phases. Equations (17) to (24) are valid for the second experiment (scan). Next, the coherence is changed by applying a 𝜋/2-pulse along the −𝑥-axis. Fallowing the same mathematical notation as before, but changing the phase of a pulse, the outcome is slightly different.
	Second scan from F to G:
	/
	/
	(30)
	One can recognize zero-quantum term, which, as shown before, goes from 𝑥-axis to 𝑦-axis during evolution period 𝜏1.
	Second scan from G to H:
	/
	/
	(31)
	Fallowed by radio-frequency impulses and spin-spin evolution, the final product operator state is described by Equation (34).
	Second scan from H to I: 
	/
	/
	(32)
	Second scan from I to J:
	/
	/
	(33)
	Second scan from J to K:
	/
	/
	(34)
	When the results of two experiments are added together, the anti-phase operators cancel out and one gets
	/
	(35)
	From Equation (35) one may recognize a multiple-quantum coherence operator 2𝐼𝐴𝑥𝐼𝑋𝑥, which is a mixture of double- and zero-quantum parts, and a non-equilibrium operator 2𝐼𝐴𝑧𝐼𝑋𝑧. Both of these are undetectable by NMR. The second term features in-phase 𝑦-magnetization operators 𝐼𝐴𝑦 and 𝐼𝑋𝑦 with opposite signs. These in-phase terms are detectable by NMR and are responsible for obtaining the spectrum. 𝐼𝐴𝑦 and 𝐼𝑋𝑦 represent the enhanced hydrides of the iridium complex, separated by the difference of their offsets. One may notice, that the two in-phase operators have opposite signs. This means they are detected in opposite phases, which results in absorption and dispersion lineshapes in a spectrum (Figure 16).
	NMR is great in analytical applications like structural analysis, quality control, and quantitative analysis. Because of its non-invasive nature, NMR is also a good choice to study environmental influences on a specimen, observe real-time biological processes, study metabolic pathways, and perform trace analysis for quality control. However, regular NMR lacks the required sensitivity for the detection of low-concentration compounds and subtle molecular changes,38 often present in biological samples.
	Hyperpolarization techniques have opened new avenues for the detailed analysis of biological samples by detection of low concentrated analytes that were previously unattainable with NMR. Out of various hyperpolarization techniques, dDNP and non-hydrogenative PHIP have been successfully applied to biological fluids, natural extracts, and tissues.8,26,39,40 
	Hermkens et al. demonstrated how continuous non-hydrogenative hyperpolarization at high magnetic field can be used to detect flavour components found in coffee26 and whiskey27 by targeting pyridine and pyrazine derivatives. Reile et al. developed a straightforward method to adapt the HF-nhPHIP technique for analysis of aqueous media through the use of solid phase extraction (SPE).39 By applying the SPE procedure, they successfully prepared methanol extracts from urine, rendering these samples compatible with the iridium catalyst. This adaptation allowed for the detection of nitrogen-compounds in urine at sub-μM concentrations. 
	While works by Hermkens et al. and Reile et al. utilized hydride-analyte correlations in homonuclear HSQC26 and INEPT39 experiments, Sellies et al. showed that information about the composition of the sample can be drawn from hydrides alone (2D zero-quantum spectroscopy).25 Sellies et al. advanced the HF-nhPHIP for detecting and resolving a wider array of metabolites in urine at nanomolar concentrations. Expanding on the scope of HF-nhPHIP, subsequent research has ventured into amino acid detection. Sellies et al. illustrated that α-amino acids can be detected and quantified in urine samples,29 while Dreisewerd et al. provided methods to discriminate and quantify D- and L-α-amino acids directly using 2D HF-nhPHIP zero quantum spectroscopy.36 
	In parallel, dDNP has shown promising results in metabolomics through 13C detection.8 13C is an attractive approach as it has a much wider chemical shift range compared to 1H (Chapter 1.1.2) thereby improving resolution necessary for biological samples and mixtures. It has been applied to labelled cell and tissue extracts,41,42 plant extracts43 and freeze-dried urine.44 On the downside, dDNP faces challenges such as the need for free radicals, which may interfere with biological samples, and its limited sensitivity for relatively dilute biofluids.44,45 Nonetheless, dDNP ability to analyse extracts at natural 13C abundance highlights great potential. 
	In summary, both HF-nhPHIP and dDNP hyperpolarization techniques have greatly enhanced the applicability of NMR in the analysis of biological samples, each with its unique contributions and limitations. The future of this field lies in overcoming the existing technical challenges and exploring new applications, which will undoubtedly expand the understanding of complex biological systems and environmental samples. 
	Although, HF-nhPHIP is not ready for the commercial usage, it can be developed for various applications ranging from food and agriculture to medicine and pharmaceutical industries.
	The publications by Hermkens et al.26,27 underscore the potential of HF-nhPHIP in analyte identification, important for stringent quality control, product development in the food and beverage industry, and authentication of premium goods. Moreover, the information obtained can serve the purpose of directing agricultural research towards optimizing crops, providing insights for the development of healthier food choices, and expanding into environmental monitoring, where a thorough analysis of composition holds significant importance.
	The diagnostic potential of HF-nhPHIP in biofluid analysis has been shown by Reile et al. by detecting a doping substance in urine.39 Besides doping assessment, the ability to detect compounds at low concentrations from biofluids can enable early detection of diseases, monitoring of disease progression, and evaluation of treatment efficacy. Furthermore, HF-nhPHIP technique could be used to identify metabolic abnormalities and biomarkers associated with diseases, likewise with other hyperpolarization techniques.41,42,46 
	There is potential to discover novel biomarkers with HF-nhPHIP by lowering the detection threshold beyond what is currently available in regular NMR and expanding the metabolite detection. The HF-nhPHIP could pave the way for more in-depth analysis and diagnostics, ultimately leading to personalized medicine.
	2 Aims of the Study
	The goal of this thesis is to investigate and expand the HF-nhPHIP in analysing biological fluids. Prior to this work, HF-nhPHIP methodology had been demonstrated on a small number of analytes in technical research papers and working principles. Here, the HF-nhPHIP technique is demonstrated in practical applications for biofluid NMR with increased sensitivity. 
	Aims summarised:
	 Assess the diagnostic and analytical potential of HF-nhPHIP by testing its accuracy and repeatability on following nicotine and cotinine excretion from the body after quitting smoking (Publication I).
	 Develop an alternative sample preparation protocol to eliminate SPE treatment for the analysis of urine samples, while maintaining compatibility with urine and the iridium catalyst (Publication II).
	 Widen the scope of HF-nhPHIP-detectable analytes to oligopeptides. Study the complexation of oligopeptides to the iridium catalyst (Publication III).
	 Test if HF-nhPHIP signal assignment to specific analytes can be made easier and faster with establishing chemical shift database and whether it can be applied to urine analysis (Publication IV).
	 Expand the application of HF-nhPHIP beyond the analysis of human urine (Publication V).
	By focusing on these objectives, this research aims to highlight the adaptability and transformative capabilities of HF-nhPHIP in the field of analytical sciences, particularly when applied to the analysis of biological fluids. 
	3 Results and Discussion
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	3.1.1  Sample Preparation for the Targeted Approach
	3.1.2 Determining Concentration Based on HF-nhPHIP Signals
	3.1.3 Sample Preparation for the Untargeted Approach (Publication II)

	3.2 Widening the Scope to Biopolymers (Publication III)
	3.2.1 The Role of Co-substrate in HF-nhPHIP Chemoselectivity
	3.2.2 Analysis of Oligopeptides Binding to the Iridium Catalyst

	3.3 Optimization of Experimental Conditions
	3.3.1 Creation of Hydrides Chemical Shift Database (Publication IV)

	3.4 Comparative Analysis of Human and Dog Urine (Publication V)

	Human urine presents a unique opportunity for non-invasive diagnostics and metabolic profiling as it contains over 3000 metabolites. These metabolites serve as biomarkers, reflecting physiological processes, dietary influences, and pathological changes within the body. However, most of the analytes are present in urine at low concentration, making their detection with regular NMR problematic.47 While previous works had applied HF-nhPHIP on urine samples, following the dynamic changes in the human body had not been analysed with it. Therefore, a pharmacokinetic-like experiment was conducted to challenge HF-nhPHIP in a real-life scenario requiring high analytical accuracy.48 
	In pharmacokinetics, the drug molecule’s metabolism is carefully studied in a time-dependant manner to insure drug safety and assign dosage.49,50 To mimic that, HF-nhPHIP was used to target nicotine and cotinine in smokers urine. Nicotine is the primary active compound in tobacco and it is metabolized in the body to various metabolites, the primary one being cotinine. Cotinine is further metabolised into trans-3’-hydroxycotinine, which is the main tobacco-consumption related analyte found in urine. It is excreted in urine at a concentration approximately 3-4 times higher than nicotine or cotinine (Figure 18).51 The focus of the study was to apply HF-nhPHIP on low-concentration analytes, which can provide valuable information about the dosage and metabolism of nicotine in the body.52
	/
	Figure 18. 75% of nicotine is metabolised to cotinine in the human body. Around 40% of cotinine is further metabolised into 3’-hydroxycotinine with stereoselectivity towards its trans-isomer. Unchanged nicotine and cotinine molecules are excreted with urine at around 10% each of total urinary nicotine, while the main metabolite found in smokers’ urine trans-3’-hydroxycotinine is excreted at around 40%.51
	The experiment involved the collection of samples, the preparation of samples prior to HF-nhPHIP measurement (described in Chapter 3.1.1), and the establishment of calibration curves (described in Chapter 3.1.2). Initially, to identify the spectral signatures of nicotine and cotinine within a complex urine matrix, known quantities of these substances were spiked into a urine sample obtained from a non-smoker (Figure 19). The subsequent recording of HF-nhPHIP spectra made it possible to distinguish the signals of nicotine and cotinine, creating a reference point for further analysis. After establishing the chemical shifts of hydrides referring to nicotine and cotinine, the methodology was applied to analyse six urine samples collected from regular smokers. Nicotine and cotinine were successfully identified in all samples and their concentration in urine, determined with HF-nhPHIP, coincided with known literature values.
	/
	Figure 19. Nicotine (red triangles) and cotinine (blue circles) HF-nhPHIP signals in urine matrix assigned by standard addition method. While HX signals (right) are well separated, HA signals (left) are not. One of the diastereomers of cotinine and nicotine, resonate at the same 1H chemical shift. To improve resolution, 2D ZQ spectroscopy was implemented.
	In an effort to monitor the pharmacokinetics of nicotine and cotinine clearance from the human body, smokers participating in the study were requested to cease smoking. Three volunteers complied, allowing for the collection of sequential urine samples post-cessation. By utilizing HF-nhPHIP, the analysis of these samples enabled the observation of nicotine and cotinine elimination kinetics, offering valuable insights into their metabolic degradation pathways and clearance rates. Furthermore, in order to replicate the impact of controlled nicotine dosage similar to therapeutic treatments rather than solely concentrating on elimination, a seventh participant used a nicotine patch as a nicotine source. The urine samples collected from this individual were analysed using the same technique. 
	During this phase of the study, a build-up of a new signal proximate to the established nicotine and cotinine HF-nhPHIP signals was observed (Figure 20). As Sellies et al. have shown,25 hydrides that resonate close by typically belong to the same molecule class. The unknown signal became distinctly visible 24 hours post the administration of nicotine via a transdermal patch, as illustrated in Figure 20. This signal was also detected in the urine samples of habitual smokers, suggesting its association with nicotine metabolism and structural similarity to cotinine. Leveraging this insight, the signal was hypothesized to emanate from trans-3’-hydroxycotinine, a deduction that was later validated through standard addition. 
	/
	Figure 20. HF-nhPHIP spectra show the metabolic changes caused by nicotine consumption. A series of samples were collected from a volunteer who used a transdermal patch for nicotine administration. Nicotine (Nic) signals were clearly visible after 5 hours of applying the patch (left panel). 24 h (right panel) after applying the patch, Nic signals were almost gone, while cotinine (Cot) signals were still observable and trans-3’-hydroxycotinine (3HC) signals were the strongest. 
	Solid-phase extraction (SPE) is a sample preparation technique used for separating specific compounds from a mixture.53 This method involves passing the liquid mixture through a solid phase cartridge (adsorbent material) under controlled conditions, allowing the targeted compounds to adsorb onto the solid phase. Subsequent washing step removes undesired components, and a final elution step releases the adsorbed compounds for analysis.
	SPE works well for making aqueous samples HF-nhPHIP compatible. It is easy to substitute water with organic solvents suitable for hyperpolarization, like methanol or chloroform.39 Moreover, the selective nature of SPE is a significant asset. By utilizing an appropriate solid-phase sorbent, SPE can discriminate between polar and non-polar analytes, allowing to concentrate the sample for the target analytes. 
	For detecting nicotine and cotinine from smokers’ urine, the SPE method was first optimized on laboratory-prepared water-samples with known concentrations of nicotine and cotinine. Three different reverse phase SPE cartridges were tested (Phenomenex Strata-X, Oasis HLB, and Biotage Isolute ENV+). To obtain the most of target analytes, analytes should be in a neutral state (without a charge), which can be achieved by changing the pH level. The most suitable pH level for nicotine and cotinine would be between pH 7…10.5. Water solutions at pH 8.6 and 10.6 were tested, out of which Phenomenex Strata-X (6 mL, 200 mg) and Oasis HLB (6 mL/200mg) outperformed Biotage Isolute ENV+ (Figure 21). 
	Although both Oasis HBL and Phenomenex Strata-X showed similar recovery rates for nicotine and cotinine, Strata-X cartridge performed slightly better at close to neutral conditions (pH 8.6) and was therefore chosen for further analysis. Next, water solutions with known nicotine and cotinine concentrations at pH levels 7.4 and 8.6 were tested. It was seen that solution with pH 8.6 eluted analytes faster, but cumulatively pH 7.4 contained higher amount of nicotine and cotinine in the eluted extract. Therefore, pH 7.4 was chosen as the optimal pH level for Strata-X cartridge. Figure 22 displays a flowchart of the sample preparation procedure for the targeted approach for human urine samples.
	/
	Figure 21. Comparison of SPE recoveries of nicotine and cotinine from Phenomenex Strata-X, Oasis HLB, and Biotage Isolute ENV+ cartridges. Urine samples were adjusted to either pH 10.6 or 8.6, SPE cartridges were washed with a buffer at the respective pH, analytes were extracted with methanol-d4. Analyte 1H integrals obtained from quantitative NMR spectra were compared against the integral of an internal standard (DSS: Sodium trimethylsilylpropanesulfonate) added to the extract after the SPE procedure.
	/
	Figure 22. Flowchart of the SPE procedure.
	Conditioning and washing the cartridge with buffer helps to maintain the pH level constant throughout the SPE procedure. However, the buffer solution itself may influence HF-nhPHIP spectra. To evaluate that, two urine SPE extracts obtained using either 50 mM KH2PO4 or 10 mM KH2PO4 buffer at pH 7.4 for conditioning and washing the cartridge were evaluated. 50 mM KH2PO4 buffer eluted amino acids, which in turn reduced the HF-nhPHIP signal intensities of nicotine and cotinine, which have weaker affinity towards the iridium catalyst compared to amino acids (Figure 23). In hope of improving the SPE method to target nicotine and cotinine, distilled water was used instead of the buffer. However, without controlling the pH level of the sample and using H2O to wash the cartridge, a shift in nicotine signals was observed between different urine samples, while cotinine signals stayed in place (Figure 24). This means that nicotine is more susceptible to pH changes. When considering analytical applications, it is important that samples from various specimens maintain consistent properties, specifically with regards to HF-nhPHIP chemical shifts. Therefore, 10 mM KH2PO4 buffer at pH 7.4 was chosen for the SPE procedure.
	/
	Figure 23. A comparison of two HF-nhPHIP spectra obtained from the same urine with either using a 10 mM KH2PO4 buffer (yellow) or 50 mM KH2PO4 buffer (green) in the SPE procedure. 50 mM KH2PO4 buffer elutes amino acids, while 10 mM buffer retains S-containing analytes. An expansion of the N-heteroaromatics region shows that nicotine (red triangles) and cotinine (blue circles) signals are more intensive when 10 mM KH2PO4 buffer is used.
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	Figure 24. An expansion to HX signals of nicotine (red triangles) and cotinine (blue circles) of two different urine extracts (green and yellow) obtained by using H2O in wash step in SPE method. Nicotine HF-nhPHIP signals have shifted, while cotinine and 3-fluoropyridine (*), used as an internal standard, stayed in place.
	Although methanol eluted nicotine and cotinine, the SPE protocol was not optimal for the targeted approach as methanol also extracted a lot of other analytes. With more analytes competing over binding to the iridium catalyst, the probability of nicotine and cotinine associating is low, which also reduces the NMR signal intensity. Moreover, as the number of analytes binding to the iridium catalyst increases, the spectrum becomes more populated with signals, thus adding complexity to the analysis. To improve the selectivity of the SPE, chloroform, which favours the release of less polar analytes compared to methanol, was used for elution. In addition, reducing the number of analytes in the obtained SPE extract, the recovery rates for nicotine and cotinine eluted with chloroform were above 90%, while the recovery with methanol was around 25% (Figure 25).
	By combining the SPE method with HF-nhPHIP, it became possible to detect and measure nicotine and cotinine compounds at much lower concentrations compared to traditional NMR techniques. This approach achieved an impressive NMR detection limit of 0.1 μM and a quantitation limit of 0.7 μM. In general, combining solid-phase extraction with parahydrogen hyperpolarization provides a method for analysing low-concentration analytes in urine, surpassing traditional methods in terms of sensitivity.
	/
	Figure 25. Comparison of SPE recoveries in different urines (provided by six volunteers A – F) of nicotine and cotinine extracted with methanol-d4 or chloroform-d.
	Determining concentration in NMR vs. HF-nhPHIP differs. In regular NMR, signal intensity indicates concentration, however HF-nhPHIP signal integrals do not show concentration directly. They relate to hyperpolarization factors like catalyst binding kinetics, analyte’s affinity towards the catalyst. Accurate quantification needs careful calibration for each analyte. 
	To accurately quantify nicotine and cotinine levels within urine samples, a series of standard solutions with known concentrations of nicotine and cotinine were measured in the urine matrix (collected from a non-smoker). Corresponding HF-nhPHIP signals were integrated to relate signal integrals with the concentration of an analyte in urine. The obtained calibration curves had a standard deviation below 11%, showing good repeatability (Figure 26). These calibration curves provided a basis for quantifying the concentrations of nicotine and cotinine in samples from smokers, enabling the quantitative study of nicotine metabolism kinetics. 
	/
	Figure 26. Calibration curves for nicotine (red) and cotinine (blue) based on the linear fitting of 10 data points. Three parallels were measured and averaged for every point. Error bars represent the standard deviation of the three parallels. Calibration curves are analyte-specific due to different iridium binding affinities. Reproduced from Publication I. Copyright 2021, American Chemical Society.
	The calibration curves were also used to document two instances of passive smoking. In one case, an individual spent time in the presence of other smokers after quitting smoking for the sake of the experiment. As a result, a slight increase in the concentration of nicotine was observed in the sample taken the following day. In another case, a subject who served as a reference for non-smokers displayed nicotine and cotinine signals in one sample (Figure 27). Although, these signals were barely over noise level, they can be assigned with confidence because true signals exhibit a doublet structure, whereas noise does not. Upon further investigation, it was discovered that the subject had been exposed to tobacco smoke for a few hours on the previous night before providing the sample. This proves that HF-nhPHIP can be used to detect analytes present at very low concentrations in urine. 
	Furthermore, if an approximate value of an analyte is sufficient, a need for calibration curves can be replaced by a quicker approach. Sellies et al. showed that chemically similar compounds exhibit comparable affinities towards the iridium catalyst.29 This means that individual calibration curves for each molecule can be avoided. Instead, a single calibration curve can be used to estimate concentrations in the sample quickly. HF-nhPHIP can be a valuable tool in analytical chemistry either by providing approximate concentration values by utilizing pre-made calibration curves or precise values through standard addition. 
	/
	Figure 27. Residual nicotine (nic, red) and cotinine (cot, blue) HX signals show passive smoking in the urine of a non-smoker. Signals can be distinguished from noise by their doublet structure. Because the signals are barely over noise level and are obscured by much stronger signals in a 1D experiment, they can easily go unnoticed.
	SPE provides advantages in the selection of analytes, but its chemoselective nature can be a double-edged sword in metabolomics. It might exclude certain metabolites, limiting the scope of the analysis. To overcome limitations in additional chemoselectivity of SPE on top of HF-nhPHIP, and broaden the scope of HF-nhPHIP towards metabolomics, the sample should be treated as little as possible. However, when it comes to urine, it cannot be directly measured because of high concentration of urea in it. Although urea itself does not interfere with HF-nhPHIP experiment, its degradation product ammonia has high affinity towards the catalyst. The high affinity of ammonia leads to the catalyst complexing mainly with it, making binding for analytes with lower affinity challenging. This would be the complete opposite to what is needed in metabolomics. Therefore, eliminating ammonia is a crucial step.
	The untargeted approach’s sample preparation protocol removes ammonia in three simple steps (Figure 28). First, urine pH was adjusted to 11, under which urea chemically decomposes to ammonia and CO2 at room temperature. Second, a simple lyophilization was used to remove ammonia and water from the urine sample. With the first two steps, ammonia stripped solids were obtained. Lastly, urine solids were reconstituted in methanol-d4 and D2O mixture and centrifuged to precipitate any insoluble molecules (e.g. salts, lipids). For the HF-nhPHIP experiment, the methanol supernatant solution was used.
	/
	Figure 28. Flowchart for the urine sample preparation procedure for the untargeted approach.
	As can be seen on Figure 29, spectra of targeted and untargeted HF-nhPHIP approaches differ in the number of signals and signal intensities. The SPE method releases adsorbed target compounds for the analysis in a smaller volume compared to the initial sample loading volume (Chapter 3.1.1). Adding this concentrated urine extract to the NMR tube increases also analytes’ HF-nhPHIP signal intensities. In the experiment with nicotine and cotinine, both analytes were concentrated 3.7-fold in the NMR tube compared to the original urine (Publication I). On the contrary, in the untargeted approach urine has to be diluted 5-fold in the NMR tube as a large part of the low molecular weight urinary metabolome is retained during the ammonia stripping. Without dilution, the required iridium catalyst concentration to fulfil analyte/catalyst/co-substrate condition described by Equation (14), would have to be above catalyst’s solubility in the methanol. As more analytes are present in the treated urine sample, a higher catalyst concentration (6 mM) compared to previous works (1.2 mM) is needed to avoid catalyst system oversaturation and maintain quantitative properties of the HF-nhPHIP method.
	The untargeted approach is useful for obtaining an overview of the sample. It is more general than the SPE-based HF-nhPHIP as it allows to maintain metabolites with different polarities, such as pyridines, nucleobases, and nucleosides, in one sample and to detect them simultaneously. It is important to note, however, that some analytes will not survive pH 11 conditions and will be absent in the resulting spectrum. Because of the diversity of molecules present in urine, it is therefore advisable to utilize multiple sample preparation techniques during initial method development. Both the targeted approach involving SPE and the untargeted approach using pH 11 to remove ammonia are complimentary to each other. The two methods can be used independently based on the goal of the experiment or utilized together to acquire a more comprehensive overview of the specimen.
	 /
	Figure 29. The spectra of a urine sample were obtained using two different approaches: targeted approach with SPE method, and untargeted approach with minimal sample preparation. The two methods retain different kind of analytes.
	Sellies et al. demonstrated that by replacing a co-substrate 1-methyl-1,2,3-triazole with pyridine, amino acids can be detected directly from human urine.29 However, their approach required heating the sample with amino acids to 50 °C for 7.5 min under strong basic conditions (pH 11) to obtain stable complexes. While basic conditions and high temperature are not a problem for amino acids, some biologically important analytes may be more affected. One of such analyte class is peptides. Basic conditions may potentially cause hydrolysis and oxidation of peptides.
	To address this concern, a systematic screening of alternative co-substrates with different steric and electronic properties was conducted (Figure 30).54 The impact of ten co-substrates (mtz, pyridine, and pyridine derivatives) on a mixture of amino acids (alanine, leucine, phenylalanine) was investigated in an alkaline environment as proposed by Sellies et al.29. The iridium catalyst was activated with the co-substrates at room temperature (25 °C) for 2h after which the amino acids were added. The primary considerations in selecting the ideal co-substrate included the intensity of HF-nhPHIP signals, signal line width, number of signals generated per analyte, stability of signal intensity during prolonged measurements, and activation time of the iridium catalyst with the chosen co-substrate. 
	Out of the tested co-substrates, 4-fluoropyridine (spectrum 8 Figure 30) did not produce any observable HF-nhPHIP signals. The reason could be that 4-fluoropyridine may bind to the iridium catalyst so firmly that it prevents hydrogen exchange or it exchanges too fast to form a stable complex in the NMR time-scale. In either case, the conditions for hyperpolarization are violated.
	The hydride signals corresponding to amino acids were weak when 1-methyl-1,2,3-triazole, 3-methylpyridine, 4-methylpyridine, 3,5-dimethylpyridine, and 3,5-difluoropyridine were used as a co-substrate. With 3,5-dimethylpyridine amino acids’ HF-nhPHIP signals decreased by four-fold within 30 minutes, indicating instability of these complexes. A fluorine-replaced analogue 3,5-difluoropyridine exhibited wide signals, which can be associated with fast exchange kinetics. Additionally, the active complex 4+ with this co-substrate formed after prolonged reaction period of 4 hours, which would be undesirable for practical applications. Amino acids’ HF-nhPHIP signals obtained with other co-substrates suggest that the complexes do not form as effectively as anticipated for the experiment at room temperature.
	Among the tested co-substrates, 3-fluoro-4-methylpyridine (3F4MePy) was identified as the optimal co-substrate (spectrum 10 Figure 30). It exhibited the strongest signals for amino acid HF-nhPHIP complexes under pH 11 and at a measurement temperature of 25 ˚C (Figure 30). Further studies showed 3F4MePy allows the formation of the HF-nhPHIP active complexes without the need for high temperature and provides excellent signals at 10˚C measuring temperature (Figure 31).
	/
	Figure 30. Screening of co-substrates on a mixture of alanine, leucine, phenylalanine under basic conditions recorded at 25˚C. The suitability of a co-substrate was evaluated based on the HF-nhPHIP signal intensity, signal line width, and number of signals in −28 ppm region. The screened co-substrates were 1 – mtz, 2 – pyridine, 3 – 3-methylpyridine, 4 – 4-methylpyridine, 5 – 3,5-dimethylpyridine, 6 – 4-tertbutylpyridine, 7 – 3-fluoropyridine, 8 – 4-fluoropyridine (no observable signals), 9 – 3,5-difluoropyridine, 10 – 3-fluoro-4-methylpyridine.
	/
	Figure 31. 3-fluoro-4-methylpyridine (aqua) proved to be a more suitable co-substrate over pyridine (black) to detect the amino acid alanine under basic conditions. The signals at δ −23.55 to −23.95 correspond to HA, while those at δ −28.10 to −28.40 correspond to HX of the same alanine-iridium complexes. The two signal pairs forming for both co-substrates represent the two diastereomers. There is a notable difference in resonance frequencies and signal intensities, but the relative intensity of the two diastereomers are approximately the same with either co-substrate. Spectra were measured at 10˚C.
	Oligopeptides bridge a cap between small molecules and proteins, and are of great interest because of their diverse biological properties. Different applications of oligopeptides are actively being studied, including using them in cosmeceuticals,55,56 and in medicine and pharmaceuticals.57,58 Hyperpolarization of oligopeptides has been achieved before by chemical modifications (adding a hyperpolarizable tag), which adds an additional step to the workflow and may not always be feasible.
	/
	Figure 32. Oligopeptides comprise multiple amino acids, which are connected with peptide bonds, where N-terminus is the amino group (–NH2, yellow) and C-terminus is the carboxyl group (–COOH, blue). (a) Alanine trimer comprising three alanine amino acids (AAA), (b) leucine-enkephalin, which comprises tyrosine, glycine, glycine, phenylalanine, and leucine (YGGFL).
	Sellies et al.29 found that α-amino acids can bind to the iridium catalyst in both monodentate and bidentate configurations. In the bidentate configuration, the analytes were coordinated through N- and O-atoms in axial-equatorial positions. However, they were unable to detect HF-nhPHIP signals of the equatorial bidentate configuration, suggesting that ligand dissociation in that system is too slow.
	Contrary to amino acids, oligopeptides showed HF-nhPHIP signals of three configurations: monodentate (mono), bidentate through axial-equatorial positions (ax-eq), and bidentate in the equatorial plane (eq-eq) (Figure 13 and Figure 33). To understand the exact nature of oligopeptides’ complexation to the iridium catalyst, multiple experiments were conducted, accompanied by quantum mechanical modelling method: density-functional theory (DFT).
	Based on hydrides’ chemical shifts, it is possible to understand the type of the atom through which the analyte is bound to the iridium, e.g. hydride trans to a N-atom resonates around δ −21…−23 ppm, while hydride trans to an O-atom at δ −27 and beyond.25,28 However, oligopeptides consist of multiple amino acids and have several N- and O-atoms that can contribute to binding to the catalyst (Figure 32). Therefore, chemical shifts do not refer explicitly which of the possible atoms is contributing to the formed configuration. To determine how oligopeptides bind to the iridium catalyst, alanine-consisting oligopeptides were used as model compounds. 
	First, alanine trimers (A3) with modifications made to the amino (–NH2) and carboxyl (–COOH) groups found at the beginning and end of a peptide chain, respectively, were synthesized and measured, to see which terminus is crucial for bidentate binding. Out of the tested A3 oligopeptides only A3 methyl ester gave HF-nhPHIP signals resonating in the proximity of pure A3. Observable signals confirmed that carboxyl group is not involved in oligopeptide binding as esterification of the C-terminus did not interfere. Oligopeptides need N-terminus for binding and cannot associate with the iridium catalyst when the amino group is modified with an acetyl group (N-acetyl A3 and N-acetyl A3 methyl ester). Neither of the A3 peptides with blocked N-terminus produced observable HF-nhPHIP signals (see supporting information in Publication III).
	Next, signals from different configurations were assigned by synthesizing and measuring 15N-labelled alanine oligomers (Figure 33). Because 15N is a spin-1/2 nucleus, it splits hydrides’ doublet structure when it is in trans position to the hydride. A3 methyl ester, where the first alanine was 15N-labelled, showed signal splitting at δ −22.52 and −22.61 for mono configuration and δ −22.72 ppm for bidentate configuration (Figure 33b yellow triangles and red circles, Figure 13 binding modes (b) and (d)). A4 methyl ester with 15N-label in the second alanine did not show any HF-nhPHIP signal splitting. This proved that binding happens through the N-terminus, the first amino acid in the oligopeptide sequence.
	/
	Figure 33. HF-nhPHIP spectra of 15N-labelled oligopeptides (a) A-A[15N]-A-A-OMe and (b) A[15N]-A-A-OMe. Blue circles correspond to diastereomers of the ax-eq complex, red circles to the eq-eq complex, and yellow triangles to diastereomers of mono complex. Note that some signals overlap in 1D, but were resolved in 2D spectra. Signal splitting due to 15N coupling can be seen only for (b) A[15N]-A-A-OMe mono and eq-eq configurations’ signals, confirming 15N in axial and O in equatorial position. ax-eq shows no splitting, which indicates that 15N must be in axial position. (a) A-A[15N]-A-A-OMe does not feature 15N splitting, meaning that only the N-terminus associates with the iridium catalyst to form all three configurations. Asterisk (*) denotes signals from the co-substrate 3-fluoro-4-methylpyridine (3F4MePy)-Ir-complex. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst.
	The δ −30 ppm chemical shifts obtained from modified alanine trimers showed also that bidentate binding includes an O-atom, which has to be from one of the peptide bond carbonyl groups. Alanine trimer structure contains three carbonyl oxygen atoms (Figure 34, starting from N-terminus: Oi, Oii, Oiii), where the first two are located in peptide bonds and the last is in the C-terminus. In principle, it would be possible to determine experimentally which of the O-atoms is binding to the iridium catalyst. This could be achieved by measuring A3 peptides, where different oxygen atoms are O17-labelled. However, the synthesis of such peptides with O17 is a costly procedure. Furthermore, due to O17 being a quadrupolar nucleus with spin-5/2, the NMR spectroscopy would be more complicated. Instead, density-functional theory (DFT) was used to determine the probabilities of different binding structures. 
	DFT is a computational modelling method, which calculates the electronic structures of atoms and molecules using electron density.59 The structures of alanine oligomer complexes of varying lengths were estimated based on the energies calculated using DFT. DFT optimized oligopeptide structures when associating with the catalyst, are peptide length specific. While A2 and A3 peptides produced a 5-member cycle associating with Oi to the iridium, A4 and longer peptides preferred the 8-member cycle through Oii (Figure 34). Thus, longer peptides have more flexibility in their orientation around the catalyst core allowing for the formation of stabilizing intramolecular hydrogen bonds. This brings the molecule into energy efficient folded configuration.
	To experimentally validate the results obtained by DFT modelling, NOE (the nuclear Overhauser effect) NMR experiments were done on thermally polarized samples. The NOE experiment reveals which nuclei are close in space to each other.60 The effect is observable for nuclei, which are less than 5 Å apart. NOE experiments on alanine dimer and alanine trimer HF-nhPHIP complexes confirmed configurations suggested by DFT calculations. Alanine trimer showed NOE response between NiiiH and CH3 of the first alanine residue (DFT suggested distance 3.5 Å), which can only appear in the case of a 5-member cycle (Figure 34a). Additionally, there was a NOE response between alanine trimer and catalyst IMes aromatic hydrogens that can only be present in that configuration. 
	Dimer showed a NOE response between NiiH and CH3 groups of both alanine residues, only present in the case of a 5-member cycle, and with IMes aromatic hydrogens (Figure 34d). While dimer and trimer formed 5-member cycles with the iridium catalyst, longer oligopeptides (e.g. alanine tetramer Figure 34b) prefer 8-member cycles.
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	Figure 34. DFT calculations and NOE experiments confirmed bidentate configurations of alanine oligomers to the iridium catalyst (a) A3 and A3-OMe, (b) A4-OMe, (c) A2-OMe, and (d) A2. A2 and A3 formed 5-member Ir-cycls, while A4-OMe and A5-OMe present more complex structures containing an 8-member cycle. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst.
	For each oligopeptide three distinguishable complexes were observed – mono, bidentate eq-eq, and bidentate ax-eq. Prolonged measurements at 10 °C showed that the signals of initially formed eq-eq and mono slowly decreased, while ax-eq signals increased, suggesting that eq-eq and mono have higher energies compared to ax-eq. This observation was supported by DFT calculations, stating that the energetically most stable configuration for oligopeptides is the bidentate ax-eq configuration (as shown in Figure 34). Interestingly, kinetic complex eq-eq was HF-nhPHIP detectable for alanine oligomers, but not for amino acids.29 This demonstrates that the stability of the formed complex is substrate-specific. 
	According to DFT, there is one additional configuration, where the atoms of ax-eq are bound to the iridium catalyst in reverse. Although reversed ax-eq configuration is theoretically possible, it was not observed experimentally. The reason may be that this configuration has too short of a lifetime in NMR experiment timescale.
	Evidence suggests that the formation of a bidentate ax-eq configuration is not limited to alanine oligopeptides, but rather a favoured binding mode for other peptides as well. To cover a broad range of peptides with actual diagnostic, dermatological or biological value, papain inhibitor (GGYR), cosmeceutical peptide hexapeptide-11 (FVAPFP), and neuropeptide Leu-enkephalin (YGGFL) were selected for experiments. Preliminary results on oligopeptides comprising different amino acids showed signals in a similar region as alanine peptide-model compounds, HA at −30.57 to −31.21 ppm and HX at −23 ppm, with O-atom in the equatorial plane and N-atom in the axial position (Figure 35). 
	On the other hand, functional peptides showed that experimental conditions require optimization to get the best HF-nhPHIP signals for each individual oligopeptide complex. GGYR HF-nhPHIP signals were more intense when the peptide was first dissolved in water at neutral pH, lyophilised and reconstituted in methanol (Figure 35 solid lines). On the other hand, YGGFL signals had lower intensity when prepared under the same conditions. For YGGFL dissolving straight in methanol resulted in stronger signals (dashed lines). FVAPFP gave similar responses with either sample preparation protocol. Additionally, functional oligopeptides showed more intense signals at 25 °C, contrary to alanine oligopeptides. Naturally occurring oligopeptides were detected at even higher temperature, 35 °C from a urine sample prepared with the untargeted method (Figure 36). 
	/
	Figure 35. HF-nhPHIP HA signals of functional oligopeptides: papain inhibitor (GGYR), neuropeptide Leu-enkephalin (YGGFL), and cosmeceutical peptide hexapeptide-11 (FVAPFP), measured at 25 °C. Two sample preparation protocols were followed: (a) solid lines: peptide was dissolved in water, pH corrected to 7.4–7.9, lyophilized and dissolved in methanol-d4 prior nhPHIP measurement. Ratio of catalyst : 3F4MePy : oligopeptide was 1 : 18 : 0.08; (b) dashed lines: peptide was dissolved in methanol-d4 as supplied. Ratio of catalyst : 3F4MePy : oligopeptide was 1 : 8 : 0.08. Comparison of spectra (a) and (b) demonstrates that nhPHIP performance is dependent on the particular oligopeptide, sample preparation and measurement conditions. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst.
	/
	Figure 36. HF-nhPHIP spectrum of a urine sample. HA signals characteristic to oligopeptides appear at around −30 ppm, whereas cosubstrate HX signals are around −23 ppm. The untargeted approach was used to prepared the urine sample. Spectrum was recorded at 35 °C. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst.
	Accurate and reliable results in analytical techniques depend on optimizing sample preparation methods and measurement conditions. In the HF-nhPHIP system, several factors affect the system, such as the pH level, solvent, measurement temperature, pH2 concentration in the sample, and the choice of a co-substrate (as discussed in Chapter 3.2.1). Changes in measurement conditions can cause shifts in the resonance frequencies of hydrides, making it difficult to accurately assign signals.
	The importance of pH level. The importance of pH becomes clear when considering the different nature of analytes, each reacting differently to changes in acidity and basicity. For instance, under acidic conditions, analytes can become protonated, stopping them from interacting with the positively charged iridium catalyst (Figure 12). 
	Experiments with nicotine and cotinine showed that pH variations in the sample preparation prior to hyperpolarization has an impact on the HF-nhPHIP spectra (see Chapter 3.1.1). Uncontrolled pH environment in the SPE procedure results in poorly reproducible eluted sample extracts between different specimen and a shift of HF-nhPHIP hydrides’ signals. Besides pH, buffer concentration is similarly important. Different concentrations enable to tune the selectivity of the SPE more towards the wanted analytes (Figure 23).
	Sellies et al.29 found that under basic conditions (pH 11.1), the hydride signals from amino acids association increased by 6-fold compared to the solutions with uncorrected pH. Compared to the thermal equilibrium, this resulted in a 300-fold enhancement. Whereas different amino acids had a similar response to pH, oligopeptides comprising various amino acids did not. This was evident with measuring functional oligopeptides: papain inhibitor, Leu-enkephalin, and hexapeptide-11 (see Chapter 3.2.2). Two different sample preparation methods were tested. The first one involved dissolving the peptide in water, correcting solution’s pH to 7.4–7.9, lyophilizing and dissolving again in methanol. In the second method, peptide was dissolved in methanol as supplied. While there were no differences in HF-nhPHIP signals for hexapeptide-11, papain inhibitor and Leu-enkephalin showed opposite responses regarding the sample preparation method (Figure 35). 
	This underscores the importance of optimizing pH environment to suit the properties of the analyte being examined. Each analyte reacts differently, and the pH conditions that enhance hyperpolarization for one may not be effective for another. 
	The importance of temperature. Measurement temperature influences HF-nhPHIP experiment by mainly changing the analyte association/disassociation rate. In the case of alanine oligomers, the most intense HF-nhPHIP signals were observed at 10 °C. At lower temperatures, molecular motions and chemical processes slow down, prolonging the lifetime of the formed complex. For some molecules, higher temperatures may improve solubility or facilitate beneficial association/disassociation rates for hyperpolarization. This could explain the improved response of functional oligopeptides, which showed more intense signals at 25 °C and urine that had the best result at 35 °C (Chapter 3.2.2). Similarly to oligopeptides in urine, adenosine molecule shows better HF-nhPHIP response at 35 °C.61
	For best practices, measurements should be done at various temperatures to determine the optimal value. If this cannot be done, using room temperature should yield a satisfactory outcome. 
	The importance of pH2 delivery. For analytical accuracy, pH2 concentration must be the same for every scan to ensure a uniform enhancement during the experiment. As pH2 is converted back to orthohydrogen after disassociating from iridium, its concentration in the sample reduces in time. To counteract that, fresh pH2 is bubbled into the NMR sample between every scan. Figure 37 displays the setup for the HF-nhPHIP experiment.
	Bubbling pH2 into the sample is the most time-consuming step in the experiment time-scale. It is important to establish a balance between the bubbling duration, pH2 concentration in the sample, bubbling speed and pressure, and the length of the pulse program itself. While increasing the duration of bubbling time enhances the intensity of the spectrum, there comes a point where the benefits level off and no further improvement is observed. Instead of prolonging bubbling time, the emphasis should be on recording multiple experiments for improved results by signal averaging. 
	In the experiments discussed in this thesis, it was determined that a bubbling time of 2 seconds is the optimal duration for HF-nhPHIP experiments. This approach ensures efficient hyperpolarization without unnecessary liquid evaporation, balancing the need for increased signal strength with practical considerations.
	In summary, a careful consideration of an appropriate sample preparation method and a nuanced optimization of the measurement conditions are essential for achieving high performance in analytical applications with HF-nhPHIP. Careful control of all the parameters ensures the reliability and applicability of the method. 
	/
	Figure 37. Schematic representation of a continuous hyperpolarization experiment setup. 50%-enriched pH2 is produced in flow by catalytic conversion of cryo-cooled hydrogen gas. Hyperpolarization is sustained by bubbling pH2 into the sample between every scan, while keeping the sample in steady-state during acquisition. Bubbling through the NMR sample is facilitated by a custom-built bubbling control system, described in the supporting information of Publication I. The bubbling control system is connected to the NMR console, which allows to implement and control pH2 bubbling through the sample within the pulse program. 
	A significant challenge to the broader adoption of HF-nhPHIP in analytical practices is the assignment of hydrides signals to specific analytes. This is due to the reduced structural information conveyed by hydride signals compared to traditional NMR.23 Although hydrides signals can be accurately assigned though internal standard addition,35,48 it is a rather time-consuming procedure, especially for biological fluids with hundreds of analytes. The development of a chemical shift database, tailored to catalogue hydrides’ resonance frequencies, stands as a good alternative for signal assignment with standard addition. Such a database simplifies the signal assignment process by providing a reference framework against which unknown hydride signals can be matched. Thus, it makes it easier to identify analytes within a mixture.
	This initiative has been demonstrated by creating a small yet expanding database that includes hyperpolarized spectral data of adenosines (Table 2), a group of metabolites with diagnostic importance. HF-nhPHIP spectra of seven different compounds were recorded with chemical shifts referenced to nicotinamide signal (HX −22.935 ppm, Figure 38). 
	Since nicotinamide is an achiral molecule with a single binding site to associate with the iridium catalyst, it produces only one signal pair (Figure 38, nam). The other molecules give at least two signal pairs. The chemical shifts of both diastereomers of 1-methyladenosine (Table 2) are very similar, causing their signals to overlap and appear as one signal pair (Figure 38, 1-mAde). 6N-methyladenosine (Table 2) gives rise to two HF-nhPHIP signal pairs because its association to the iridium catalyst is restricted by the methyl group (Figure 38, 6N-mAde). Adenosine (Table 2, Ade) and 2’-O-methyladenosine (2’-O-mAde) both form two diastereomers because of their chirality. Additionally, they have two possible binding sites, which in total results in four signal pairs (Figure 38). Likewise, adenosine monophosphate (Table 2, AMP), adenosine diphosphate (ADP), and adenosine triphosphate (ATP) produce each four pairs. However, only three hydride signal pairs are clearly observable for AMP and ADP because two of their diastereomers’ signals overlap (Figure 38).
	The generated adenosines database was tested on human urine. The successful application of this database in identifying two analytes from urine, adenosine and 1-methyladenosine emphasizes the usefulness of the database in aiding the signal assignment of metabolites.33,35 
	Table 2. Adenosines used in the study. Reproduced and corrected from Publication IV. Copyright 2022 by the authors. Licensee MDPI, Basel, Switzerland.
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	Figure 38. 2D HF-nhPHIP spectra of adenosine and its derivatives as annotated in Table 2. Reproduced and modified from Publication IV. Copyright (2022) by the authors. Licensee MDPI, Basel, Switzerland.
	Based on the work with adenosines, a similar database approach has been used to assign signals of nicotine, cotinine, trans-3’-hydroxycotinine, and oligopeptides. It worked well in identifying and assigning signals in urine samples (Chapter 3.1) and in synthetic mixtures (Figure 39). In essence, the development of chemical shift databases for HF-nhPHIP enhances the technique’s efficiency by enabling easier signal assignment and supporting higher throughput analysis. However, the creation of a database must involve careful recording of HF-nhPHIP spectra under controlled conditions. When the experimental conditions are different from the ones used to create the chemical shift database, a direct comparison of resonance frequencies becomes challenging (see Chapter 3.3).
	/
	Figure 39. HF-nhPHIP spectrum of alanine oligopeptides mixture (bottom), where signals were assigned by superimposing spectra of known analytes (upper traces). The mixture composed of alanine pentamer (A5) methyl ester, alanine trimer (A3) and its methyl ester, and alanine dimer (A2).
	The exploration of canine urine through NMR spectroscopy has been driven by the increasing recognition of dogs as valuable models for human diseases.62 Canines share our environment, exhibiting a similar range of genetic diversity and disease phenotypes, but with accelerated lifespans. This makes them ideal subjects for studying the onset and progression of various conditions, including metabolic and genetic disorders. For instance, metabolomics studies have been conducted to identify biomarkers for naturally occurring canine bladder cancer, which is similar to invasive human bladder cancer.63 By exploring the metabolic fingerprints of canine urine and contrasting these with human samples, a better understanding of disease markers, improved diagnostic procedures, and potential therapeutic interventions may be developed.62,64,65
	Motivated by this, a comparison between canine and human urine was done with HF-nhPHIP. The aim was to determine whether hydride-driven analysis can differentiate between species and guide metabolic analysis. Four different hyperpolarization schemes were used: N-heteroaromatics targeted approach with SPE, amino acids targeted approach, oligopeptides targeted approach, and untargeted approach. Sample preparation methods are described in detail in Chapter 4.
	The targeted approach with SPE (Method A, Chapter 4) focused on detecting pyrazines, specifically 2,6-dimethyl pyrazine (DMP), a molecule which is found in wolf urine.66,67 Hypothesising that a domestic dog shares a similar metabolic profile with a wolf, DMP could be present in canine urine as well. First, HF-nhPHIP signals were established by measuring a pure DMP sample. Second, canine urine and human urine for reference were measured and superimposed on the DMP spectrum (Figure 40). While DMP could not be identified in canine urine as initially expected, a diagonal line was detected in both canine and human urine spectra where the DMP signal resonated. The presence of pyrazines in both species is suggested by the overlapping of seven signals along that diagonal line. Likewise, nicotinamide (nam) and 1-methyladenosine (1-mAde) are present in both urines and their corresponding signals overlap nicely (Figure 41).
	/
	Figure 40. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green), along with 2,6-dimethyl pyrazine (DMP, pink). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4. There are some signals which overlap in human and canine urines, while others do not. Although DMP signal could not be confirmed in either urine spectra, a clear diagonal (pink dashed line) suggests that both urine samples contain pyrazines.
	/
	Figure 41. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) zoomed into the region of 1-methyladenosine (1-mAde) and nicotinamide (nam). The analytes were assigned using the chemical shift database (Chapter 3.3.1). The close-up of nam demonstrates the robustness of HF-nhPHIP as signals in both urine overlap nicely. Urine samples were prepared according to the targeted method described under Method A, Chapter 4.
	Besides pyrazines, HF-nhPHIP HX signals resonating at δ −16.4 to −17.9 ppm region are of great interest as these signals could arise from sulphur atom association with the iridium catalyst (Figure 42).28,31 Similarly to pyrazines, some signals overlap in both canine and human urine spectra, implying that these molecules are not species specific. On the other hand, there are signals which clearly represent only one specimen. 
	Furthermore, when urine samples were prepared with untargeted approach (Method B, Chapter 4) the difference between canine and human urine in the same spectral region was more prominent (Figure 43). While signals clustered together at δ −17 to −17.9 ppm in canine urine, human urine gave rise to signals at δ −18.8 ppm. By using different sample preparation methods (targeted or untargeted), new information can be obtained from the spectra. Figure 44 and Figure 45 show the full spectra of zoomed in regions in Figure 42 and Figure 43, respectively.
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	Figure 42. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4. There are clear differences between the two spectra with some signals better resolved than the others. Poor resolution of some signals may be due to deuteration of the complex.29 Signals resonating at δ −16.4 to −17.9 ppm region could be from S-atom association, although these have not been experimentally confirmed.
	/
	Figure 43. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the untargeted approach described under Method B, Chapter 4. Although a couple of signals coincide, the majority at δ −16.8 to −20.0 ppm region is very different, which for different species is expected.
	/
	Figure 44. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4.
	/
	Figure 45. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the untargeted approach described under Method B, Chapter 4.
	Targeted sample preparation Method C (Chapter 4) was used to detect amino acids. Both human and canine urine seem to contain the same proteinogenic α-amino acids (Figure 46). However, in human urine more than ten additional HF-nhPHIP signals were seen (Figure 46 green signals), which probably arise from amino acids beyond the 22 proteinogenic ones. On the other hand, dog urine exhibited two strong signal pairs around δ −17.0 and −24.4 ppm (Figure 47). These very intense signals compared to amino acids may be caused by the dog’s consumption of a food supplement called Adaptil Express Tablets. The supplement is given to calm dogs during stressful situations, such as fireworks, and contains vitamin B1, which features a sulphur atom. Albeit chemical shifts suggest S-atom association, neither vitamin B1 nor amino acids cysteine and methionine could be detected in their pure form under similar measurement conditions. Further research is needed to determine the origin of these signals.
	/
	Figure 46. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared according to Method C, Chapter 4, zoomed to amino acids region. Signals corresponding to amino acids have not been assigned explicitly, but both urines feature signals that coincide, meaning these amino acids are present in both samples. In human urine, there are some additional signals forming a diagonal with a steeper slope. These signals could arise from α-amino acids beyond the 22 proteinogenic ones.
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	Figure 47. HF-nhPHIP spectrum of dog urine, prepared according to Method C, Chapter 4. Two very strong signal pairs can be seen, δ −17 and δ −24.5 ppm (pink pentagons), possibly due to S-atom association to the iridium catalyst.28,31 These signals were not present in human urine. Whether these signals are species specific, breed specific, or individual specific (inherent or dietary-caused) requires further research.
	When focusing on oligopeptides, there were more signals observed in human urine than in canine urine (Figure 48). This result suggests that the oligopeptides being targeted are more abundant or have a higher concentration in human urine compared with canine urine. Further research is needed to investigate the specific oligopeptides involved and their potential significance.
	HF-nhPHIP is a relatively new technique and the preliminary results show that we have limited knowledge of its capabilities. However, studying metabolic fingerprints with HF-nhPHIP has the potential to contribute to analytical applications. On the other hand, it is important to acknowledge that the use of HF-nhPHIP in studying metabolic fingerprints also presents certain limitations. For instance, interpreting metabolic fingerprints obtained through HF-nhPHIP is not straightforward. Therefore, its practical applications require careful consideration and further investigation.
	/
	Figure 48. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared according to Method D (Chapter 4) to detect oligopeptides. Although signals in oligopeptide region are much less intensive than signals of amino acids, a couple of HX signals can be seen at δ −30 ppm region. At least four signals seem to arise from oligopeptides present in both urines.
	4 Materials and Methods
	4.1 Sample Preparation Methods for the Comparative Analysis of Human and Dog Urine

	Method A. Experimental conditions for the N-heteroaromatics targeted approach with SPE. Oasis HLB 6cc/200mg cartridge was used for the SPE method. The cartridge was activated with 3 mL of methanol and conditioned with 3 mL of 10 mM KH2PO4 buffer solution. Urine was thawed in a water bath, corrected with NaOH to pH 7.4, and centrifuged for 12 min at 1825g (maximum allowed speed for 15 mL tubes). 5 mL of centrifuged urine without sediment was added to the cartridge. The cartridge was then washed with 3 mL of 10 mM KH2PO4 buffer solution and dried with constant N2 flow at 1 bar for 30 min. Urine was extracted from the SPE cartridge with 1.6 mL of methanol-d4 and stored at −80 °C until NMR experiment.
	The NMR sample comprised 1.2 mM [Ir(IMes)(COD)Cl] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD = cyclooctadiene), 21.7 mM 1-methyl-1,2,3-triazole as co-substrate, and 475 μL of SPE-treated urine. Total sample volume was 600 μL with the ratio of iridium catalyst to co-substrate 1:18. 
	Method B. Experimental conditions for the untargeted approach. The urine pH was adjusted to 11 with NaOH and left to settle for approximately 1 hour. After that, the urine was centrifuged at the maximum allowed speed for 12 minutes at 1825g. The sediment-free urine was then divided into tubes, with each tube containing 2.4 mL of urine. These tubes were frozen using liquid nitrogen and subjected to lyophilization for 48 hours. 
	The NMR sample comprised 5.7 mM [Ir(IMes)(COD)Cl], 103 mM 1-methyl-1,2,3-triazole as co-substrate, and 30 μL of urine. Total sample volume was 600 μL with the ratio of iridium catalyst to co-substrate 1:18.
	Method C. Experimental conditions for the amino acids targeted approach. Urine was used as supplied with no sample treatment. The NMR sample comprised 3.53 mM [Ir(IMes)(COD)Cl] (170-176 μL of 12-12.4 mM stock solution), 63.5 mM pyridine as co-substrate (188-190 μL of 200-202 mM stock solution), 108 μL of 110 mM piperidine/piperidinium buffer, and 30 μL of urine. Total sample volume was 600 μL with the ratio of iridium catalyst to co-substrate 1:18.
	Method D. Experimental conditions for the oligopeptides targeted approach. The urine pH was adjusted to 11 with NaOH and left to settle for approximately 1 hour. After that, the urine was centrifuged at the maximum allowed speed for 12 minutes at 1825g. The sediment-free urine was then divided into tubes, with each tube containing 2.4 mL of urine. These tubes were frozen using liquid nitrogen and subjected to lyophilization for 48 hours. 
	The NMR sample comprised 3.2 mM [Ir(IMes)(COD)Cl], 63.7 mM 3-fluoro-4-methylpyridine as co-substrate, and 30 μL of urine. Total sample volume was 600 μL with the ratio of iridium catalyst to co-substrate 1:18. 
	5 Summary
	Through exploring the applications for high-field non-hydrogenative PHIP chemosensing in analysing biological fluids, this technique stands out in its ability to detect and quantifying dilute analytes in complex mixtures. 
	In this thesis, different sample preparation techniques for urine samples have been summarised. The diagnostic and analytical potential of HF-nhPHIP was shown with the targeted sample preparation approach with SPE, focusing on detecting nicotine and cotinine HF-nhPHIP signals from smokers’ urine. By careful workflow optimization, it was possible to follow dynamic processes within the human body with high accuracy and repeatability, as demonstrated by recording nicotine withdrawal and administration. The findings of this experiment indicate that a similar strategy can be employed to extract precise data from urine for purposes like evaluating biomarkers or studying pharmacokinetics.
	In addition, a sample preparation protocol was showcased to progress towards untargeted metabolomics analysis. Although the structural elucidation of analytes remains unavailable with HF-nhPHIP, the observed signals corresponding to the iridium-substrate complex can be assigned with different methods like standard addition, chemical shift databases, and linear patterns on 2D zero-quantum spectra. These signal assignment methods were implemented on urine samples and exhibited good performance when combined with meticulous sample preparation and NMR specific conditions. 
	Through precise adjustments to the chemical machinery of pH2 hyperpolarization, the range of analytes detectable by HF-nhPHIP was effectively expanded to include oligopeptides. By integrating HF-nhPHIP, conventional NMR experiments, and DFT calculations, the investigation of how oligopeptides bind to the iridium catalyst has yielded valuable information about the underlying mechanisms of the hyperpolarization process. Experimental observations revealed three unique binding configurations, and the energetically favoured one. With this knowledge, it will be easier to optimise HF-nhPHIP conditions to target oligopeptides from biological fluids. 
	This thesis has utilized both targeted and untargeted experiments to showcase the effectiveness of HF-nhPHIP in accurately identifying and quantifying analytes within complex biological matrices. The capability of HF-nhPHIP to differentiate between species was demonstrated by detecting urine samples from both humans and canines. 
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	Figure 36. HF-nhPHIP spectrum of a urine sample. HA signals characteristic to oligopeptides appear at around −30 ppm, whereas cosubstrate HX signals are around −23 ppm. The untargeted approach was used to prepared the urine sample. Spectrum was recorded at 35 °C. Reproduced from Ref. 54. Copyright 2023 The Authors. Published by Analyst. 53
	Figure 37. Schematic representation of a continuous hyperpolarization experiment setup. 50%-enriched pH2 is produced in flow by catalytic conversion of cryo-cooled hydrogen gas. Hyperpolarization is sustained by bubbling pH2 into the sample between every scan, while keeping the sample in steady-state during acquisition. Bubbling through the NMR sample is facilitated by a custom-built bubbling control system, described in the supporting information of Publication I. The bubbling control system is connected to the NMR console, which allows to implement and control pH2 bubbling through the sample within the pulse program. 56
	Figure 38. 2D HF-nhPHIP spectra of adenosine and its derivatives as annotated in Table 2. Reproduced and modified from Publication IV. Copyright (2022) by the authors. Licensee MDPI, Basel, Switzerland. 57
	Figure 39. HF-nhPHIP spectrum of alanine oligopeptides mixture (bottom), where signals were assigned by superimposing spectra of known analytes (upper traces). The mixture composed of alanine pentamer (A5) methyl ester, alanine trimer (A3) and its methyl ester, and alanine dimer (A2). 58
	Figure 40. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green), along with 2,6-dimethyl pyrazine (DMP, pink). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4. There are some signals which overlap in human and canine urines, while others do not. Although DMP signal could not be confirmed in either urine spectra, a clear diagonal (pink dashed line) suggests that both urine samples contain pyrazines. 59
	Figure 41. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) zoomed into the region of 1-methyladenosine (1-mAde) and nicotinamide (nam). The analytes were assigned using the chemical shift database (Chapter 3.3.1). The close-up of nam demonstrates the robustness of HF-nhPHIP as signals in both urine overlap nicely. Urine samples were prepared according to the targeted method described under Method A, Chapter 4. 60
	Figure 42. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4. There are clear differences between the two spectra with some signals better resolved than the others. Poor resolution of some signals may be due to deuteration of the complex.29 Signals resonating at δ −16.4 to −17.9 ppm region could be from S-atom association, although these have not been experimentally confirmed. 61
	Figure 43. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the untargeted approach described under Method B, Chapter 4. Although a couple of signals coincide, the majority at δ −16.8 to −20.0 ppm region is very different, which for different species is expected. 62
	Figure 44. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the targeted method with SPE described under Method A, Chapter 4. 63
	Figure 45. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green). Urine samples were prepared according to the untargeted approach described under Method B, Chapter 4. 63
	Figure 46. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared according to Method C, Chapter 4, zoomed to amino acids region. Signals corresponding to amino acids have not been assigned explicitly, but both urines feature signals that coincide, meaning these amino acids are present in both samples. In human urine, there are some additional signals forming a diagonal with a steeper slope. These signals could arise from α-amino acids beyond the 22 proteinogenic ones. 64
	Figure 47. HF-nhPHIP spectrum of dog urine, prepared according to Method C, Chapter 4. Two very strong signal pairs can be seen, δ −17 and δ −24.5 ppm (pink pentagons), possibly due to S-atom association to the iridium catalyst.28,31 These signals were not present in human urine. Whether these signals are species specific, breed specific, or individual specific (inherent or dietary-caused) requires further research. 65
	Figure 48. Superimposed HF-nhPHIP spectra of canine (yellow) and human urine (green) prepared according to Method D (Chapter 4) to detect oligopeptides. Although signals in oligopeptide region are much less intensive than signals of amino acids, a couple of HX signals can be seen at δ −30 ppm region. At least four signals seem to arise from oligopeptides present in both urines. 66
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	Abstract
	Development of Applications for High-Field Non-Hydrogenative PHIP for the Analysis of Biological Fluids
	The enhancement of Nuclear Magnetic Resonance (NMR) spectroscopy through hyperpolarization techniques, notably high-field non-hydrogenative Parahydrogen Induced Polarization (HF-nhPHIP), has opened up promising avenues for the detailed analysis of complex biological systems. This thesis explores the applications of HF-nhPHIP, with the goal of making advancements in the areas of metabolomics, pharmacokinetics, and non-invasive diagnostics. The work is driven by the necessity to surpass traditional NMR spectroscopy’s limitations, such as low sensitivity and the challenge of detecting and quantifying low-abundance metabolites without altering the samples’ chemical identity. HF-nhPHIP emerges as a solution to these challenges, enhancing both the sensitivity and selectivity of NMR analyses.
	This research introduces novel contributions to NMR spectroscopy by improving NMR sensitivity for real applications. The thesis covers optimization of experimental conditions for HF-nhPHIP, elucidation of the binding mechanisms of oligopeptides to the iridium catalyst, and provides sample protocols for targeted and untargeted analyses of biological samples. It explores the impact of co-substrate on HF-nhPHIP chemoselectivity and optimizes experimental conditions for a wide range of applications, extending detection limits.
	The findings reveal HF-nhPHIP potential in enhancing the detection and quantification of analytes within complex biological fluids, such as human and canine urine. By including DFT calculations a more in-depth understanding was achieved for oligopeptides detection with HF-nhPHIP. The development and application of HF-nhPHIP in the analysis of biological fluids marks a significant leap in NMR spectroscopy. This thesis establishes a groundwork for future exploration, highlighting parahydrogen hyperpolarization’s vast potential in scientific and medical research.
	Lühikokkuvõte
	Kõrges magnetväljas paravesinikul põhineva mittehüdrogeenuva hüperpolarisatsiooni meetodi rakenduste arendamine bioloogiliste segude analüüsimiseks
	Kõrges magnetväljas paravesinikul põhinev mittehüdrogeenuv hüperpolarisatsiooni meetod (HF-nhPHIP) on avanud paljulubavaid võimalusi keerukate bioloogiliste süsteemide detailseks analüüsimiseks tuumamagnetresonantsspektroskoopiaga (TMR). See doktoritöö uurib HF-nhPHIP uuenduslikke kasutusviise eesmärgiga teha edusamme metaboolomika, farmakokineetika ja mitteinvasiivsete diagnostikameetodite valdkondades. See töö on ajendatud vajadusest ületada traditsioonilise TMR spektroskoopia piiranguid nagu madal tundlikkus ja madalas kontsentratsioonis metaboliitide tuvastamise ning kvantifitseerimine. HF-nhPHIP ületab need piirangud, tõstes nii TMR analüüside tundlikkust kui ka selektiivsust, hõlbustades bioloogiliste protsesside mõistmist ja abistades farmatseutilistes uuringutes.
	See uurimus tutvustab uudset lähenemist TMR spektroskoopias, optimeerides HF-nhPHIP eksperimentaalseid tingimusi, valgustades molekulide seostumismehhanisme iriidiumi katalüsaatoriga ning demonstreerides tehnika rakendatavust nii sihitatud kui ka sihitamata bioloogiliste proovide analüüsimiseks. Töö uudsus peitub selle võimes tõsta TMR spektroskoopia tundlikkust ja selektiivsust, laiendada tuvastatavate ainete hulka oligopeptiididele ning pakkuda uusi teadmisi HF-nhPHIP kontekstis toimuvate interaktsioonimehhanismide kohta.
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	Kokkuvõttes märgib HF-nhPHIP arendamine ja rakendamine bioloogiliste segude analüüsis olulist hüpet TMR spektroskoopias. See doktoritöö loob aluse tulevaseks uurimistööks, rõhutades selle suurt potentsiaali teadus- ja meditsiiniuuringutes.
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