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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 21% 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 1) 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 Il1).

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 assighment
using a database (Publication 1V).

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).



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

DMP 2,6-dimethyl pyrazine

DQ double-quantum coherence

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

mtz methyltriazole

nam nicotinamide

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

pH symbol for the acidity or alkalinity of a solution

pH; parahydrogen

PHIP parahydrogen induced hyperpolarization

ppm parts per million

SABRE signal amplification by reversible exchange

SPE solid phase extraction

sQ single-quantum coherence

Q zero-quantum coherence

YGGFL Leu-enkephalin consisting of amino acids Tyr-Gly-Gly-Phe-Leu
1-mAde 1-methyladenosine

2’-0-mAde 2’-0O-methyladenosine

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 ().
If the number of protons and neutrons is even, the nuclear spin quantum number is
I = 0 (*2C, *0). 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 (*H, 3C, °N), I =5/2 (Y0). 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), p 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 y (Equation 1).

n=yl
(1)

Nuclear magnetic dipole moment Nuclear magnetic dipole moment

Spin angular momentum

Spin angular momentum

vy>0 y<0

Figure 1. The nuclear magnetic dipole moment u is determined by the nuclear spin angular
momentum T and nucleus specific gyromagnetic ratio y.

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 21 + 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
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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 ., 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).

I = FLelec + Jmag
(2)
It turns out that for nuclei with the nuclear spin quantum number I = 1/2, electric
interactions vanish, H¢'e = 0, as they do not depend on the orientation of the nucleus.!
Therefore, for spin=% nuclei, e.g. H, 13C, *N, 3P, common atoms present in biological
substances, only magnetic interactions, H™29, need to be considered.
In the case of protons, which have y > 0, the nuclear magnetic energy is lowest when
the magnetic moment p aligns with the magnetic field B, and highest when the magnetic
moment is in the opposite direction.!

j.\[mag =—u: B
(3)
Conventionally, the external magnetic field B, generated by the NMR magnet is along
z-axis (Cartesian coordinates) and the minimal nuclear magnetic energy Hamiltonian is
simply

Hone spin = —vB,l,

(4)
where I, 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 27 +1

wavefunctions for the quantum mechanical operator I,. Eigenfunctions are dependent
on the quantum number m, which can have values from —I to +1 in integer steps.? This

means that for spin=Y% nuclei, m can be either —%or + % resulting in two eigenfunctions,
Y, 1 and ¥ _1. The eigenvalues of these eigenfunctions are the available energy levels.
2 2

For convenience the energy levels are labelled as E, and E,;:

E 1fl B
a — 2 Ybo
(5)
1
(6)

The energy difference between the allowed energy levels E, and E is related to the
Larmor frequency w, (in rad s) of a nucleus. Larmor frequency is proportional to the
external magnetic field (Equation 7).

wo = —YBy
(7)
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Expressed in hertz (Hz), Larmor frequency vy is defined as

_TYB

Yo 21

(8)
When spin=% nuclei are placed in a magnetic field (like NMR magnet), Zeeman
splitting introduces two energy levels: E, and Eﬁ (Equations 5 and 6), where spins tend
to align either parallel (a-state) or antiparallel (5-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
Ny — Ng
p= Sgn(}’)m
(9)

where N, and N represent the number of spins in the respective state and sgn(y) is
the sign of gyromagnetic ratio.

E
L

50600000~ AE = yhB,
—$9900—. 35554 E,

Magnetic field B,

Energy

Figure 2. According to Zeeman splitting spin=% nucleus has 2% + 1 = 2 energy levels E, and Ej,
when placed in an NMR magnet with a magnetic field B,. At thermal equilibrium spins form an
anisotropic distribution with a bias towards low magnetic energy state, which for y > 0 like H
nucleus is E . 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 E, and Ez 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 B, 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 B, 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.

13



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 (/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 B, 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 B 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 B. 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 By,
effectively diminishing the magnetic field strength directly experienced by the nucleus.
This slightly attenuated magnetic field is termed the effective magnetic field, B.ss, 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. CHs, CH,, 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 & is quantified in parts
per million (ppm) as the difference between the resonance frequency of a nucleus (v)
and the reference frequency (v,.¢), often using tetramethylsilane (TMS) as the reference
(Equation 10).

v—v
§=106x — L
Uref

(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 H,
0-200 ppm for 3C, and -250 to 250 ppm for 3!P. 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) *H 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 2nl + 1 for equivalent nuclei. For spin=% nuclei this would simply be n + 1 (Figure 4).

(a) CH,
CH,
OH
(2+1)
(b) triplet
(2+1)
triplet (3+1)(1+1)

doublet of quartets

JMI

5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5
f1 (ppm)

Figure 4. A simulated H spectrum of ethanol (CH3CH,OH). 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 I of the NMR signal depends on various factors:

Ny —Ng B (hyBO)

[
Net+ 0 2k

(11)

Here, N, and Nﬁ represent the number of spins in the respective state, A is the reduced
Planck’s constant, y is the gyromagnetic ratio of the nucleus, B, 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 H.

However, at room temperature, nuclear spins are almost evenly distributed between
the two energy levels. The resulting thermal polarization of protons (*H) is typically
between 10* to 10°.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,® which all aim to create a non-
equilibrium distribution of nuclear spins, exceeding thermal polarization. For spin=)
nuclei, this means that population difference between E, and E; 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.

-

—00080046004600000—

Eg

—990000000000069000— —600000090900006000— E,

Thermal polarization Hyperpolarization

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,% 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 ¥, = —28024.951 - 2mr MHz - T~! compared to nuclear spins
yiy = 42.577 - 2r MHz - T™L. 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

16



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.> 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).5” 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 TEMPOL® and TEMPO)? 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 forimmediate
measurement.>1°

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 1. 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.}?
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 (H;) comprises two coupled 'H nuclei. The coupled atoms with
I =1/2, form a system, which can be described by a linear combination of two
eigenstates: spin up (a-state) and spin down (B-state). Such a system has four
combinations™ of the individual spin states aa, af, Ba, BB, 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.
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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 I = 1 and quantum number

m = —1,0, 1, gives rise to three triplet spin states (Equation 12)", and has a symmetric
rotational state.
1,1) = |aa)

1=1{ 11,0 = L(laB) + |5a))
1.-1) = |5)
(12)

Parahydrogen, denoted as pH,, 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.

1=0{ 0,0) = L(laB) - |8a))
(13)

1

|ever) NG

(JaB) + |Ba)) 88) %ﬂn 8) — |8a))

I=1 =0

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 H, gas ortho-para spin isomer ratio is 3:1, whereas at low
temperatures (below 77K), the low-energy pH, spin state is preferred (Figure 8).
To produce 50%-enriched pH,, hydrogen gas is brought into contact with a ferromagnetic
catalyst (e.g. iron(lll)oxide)® in a liquid nitrogen bath. The catalyst enables fast
ortho-para transition and because pH,is a long-lived nuclear spin state, it cannot convert
back to orthohydrogen spontaneously. This allows to warm pH; 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 O,.

* Wavefunctions ., are presented in Dirac notation.
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Figure 8. At room temperature (300 K) molecular H, gas comprises 75% ortho- and 25% para-isomers.
Liquid N, temperature (77 K), at the presence of a ferromagnetic catalyst (e.g. iron(lll)oxide or
charcoal), allows for preparation of 50% pH,, whereas temperatures below 20 K enable production
of >97% pH_ fraction. By imbedding pH, generator inside a cryogenic storage dewar, pH, maintains

its long-lived nuclear spin state outside of the dewar.'> Adapted with permission from ref. 6.
Copyright (2015) Wiley-VCH GmbH, Weinheim.

FeO(OH)

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.'% In 1987, they were also the first to deliberately use pH, for
NMR signal enhancement. They referred to their experiment as Parahydrogen And
Synthesis Allows Dramatic Enhanced Nuclear Alignment (PASADENA).'* The PASADENA
experiment utilizes pH, intrinsic non-equilibrium distribution of nuclear spin populations,
described by 2I,,1,,, where 1 and 2 refer to the two coupled hydrogen nuclei. For
thermal equilibrium, the same notation would be I;,+1,,. Parahydrogen itself is not
hyperpolarized, but its correlated spin state can be used to hyperpolarize molecules.
When pH, is brought into contact with another molecule, the molecular symmetry of pH,
can be broken.

Bowers and Weitekamp showed that a pair-wise addition of pH, to an asymmetrical
unsaturated molecule with a double or a triple carbon—carbon bond (alkene or alkyne,
respectively) induces hyperpolarization of the molecule.'? When this is done at a
high magnetic field (in an NMR magnet), pH,-derived protons become chemically
non-equivalent. The transferred singlet state of pH, forms new equally populated spin
states aff and Ba, with allowed transitions to unpopulated states aa and S (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).}” In ALTADENA, pH; addition and polarization is achieved outside
the magnet, while acquisition is still conducted in a high-field NMR magnet for better
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signal sensitivity and resolution. The singlet state of pH, remains in the molecule after
hydrogenation reaction and governs only one eigenstate a8 with allowed transitions to
aa and S (Figure 9c).

Since the introduction of ALTADENA and PASADENA, different experiments have
been developed to maximize polarization and widen the application scope of pH,
hyperpolarization. These experiments are commonly referred to as parahydrogen-induced
polarization (PHIP).2*
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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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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.%8 This pioneering approach marked a departure from the necessity of hydrogenation
reactions to achieve hyperpolarized NMR signals, presenting a paradigm shift in pH,
hyperpolarization techniques.

In SABRE, a transient organometallic complex is used to reversibly bind pH; and a
molecule of interest, referred to as substrate (Figure 10). The antisymmetric spin order
of pH; 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).'® 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.'*?°

20



— NN — NN
T H ,,,n\[__...solvent
Cl—Ir. 4 H /I‘r\sub
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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,?* is mixed with
substrate (sub) under parahydrogen pressure to form an active SABRE complex 2*. The correlated
spin order of pH, 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.'® 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 hanomolar concentrations.?? If the
ratio of

[sub] K [catalyst] < [co-sub]
(14)

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

— NN N N
Hl,,,\‘[ ,,,,, co-sub H \[ ____ co-sub
He I™~sub HI"™sub
co-sub sub
4+ 5+

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.
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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 pH, 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.?*?” 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.?®> With every scan
pH,-derived hydrides corresponding to the active transient complex are recorded (Figure
12).2526

SABRE HF-nhPHIP
- T H qu..pmr plane
oo Hu, 1+ wco-sub Wi Hu, e wcosub b

- Ik _—-su 1 J
UL H/||r\5ub - - H‘H*/-/ H/I|r\sub b
T osu
co-sub corsub
4+ &

Figure 12. Schematic representation of the active complex 4* in SABRE and HF-nhPHIP experiments.
In SABRE, the correlated spin order of pH; 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 pH; 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, pyruvate?® and amino acids.? It is possible to distinguish
two bidentate configurations: axial-equatorial (ax-eq, Figure 13c) and equatorial-equatorial
(eg-eq) binding (Figure 13d).
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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).2630 The resonance frequencies of hydrides fall into =15 to -29 ppm,?® which
greatly differs from typical *H 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.?®332 |n 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,?82° while sulphur atom
gives rise to signals around -15 ppm.283!

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 Hy (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
143).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

23



Ha(nam) Hy(nam) HA/iF\N =
|
co-sub %
v M 0

*

(b) ﬁ“\‘/“ﬁ

Ha(nic), Hy(nic), 4

Ha(nic), Hy(nic),
co-sub T
J U N

217 218 -219 -22.0 -22.1 -222 -22.3 -224 225 -22.6 -22.7 -228 -229 -23.0
f1 (ppm)

Figure 14. The HF-nhPHIP spectra of (a) nicotinamide and (b) nicotine. Hy 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.3* 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,%>2535 while pyridine works well for
amino acids.?%3¢

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 Hy 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.?>3” 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.?” The fact that
hydrides chemical shifts and ZQ frequencies are not random, makes spectral analysis a
lot easier.
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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 m, which can
increase or decrease by +1. Therefore, a spin=} nucleus can go from a-state to -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.

Amg_p=mpg —m, =

1 1
Amg_q = my — Mg =5~ (——)

S ———

2 2

2

(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=% 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, a8 and Ba energy levels are overpopulated, sketched here as thicker lines.

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

. Spin state Spin state
Transition start my m, end my m, Am
sQ aa 1 1 af 1 _1 -1
2 2 2 2
1 1 1 1
sQ aa - = a = Z -1
2 2 g 2
1 1 1 1
sQ a —= - —= —= -1
g 2 2 kP 2 2
1 1 1 1
sQ a - —= _Z | == -1
p 2 2 kP 2 2
1 1 1 1
DQ aa = - -z _Z -2
2 2 kP 2 2
1 1 1 1
ZQ a - —= a —— — 0
g 2 2 g 2 2
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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 f; 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 Hx 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 I, and 1. Parahydrogen generates a non-equilibrium
population 21,,Iy,, 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.?, 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.
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Figure 17. The pulse program scheme used for 2D zero-quantum (ZQ) experiments.

By applying a /2-pulse along the x-axis, the net magnetization is rotated to y-axis,
resulting in multiple-quantum coherence operators.

From A to B:

QjAszz —§> QIAyIXy
(17)

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

A~ A 1 - 1 -
2IAyIXy - _§DQx+ §ZQx
(18)

_ZQ (2[AxIXm +21Ay[Xy)
(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”, (1 and {lx, 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 t; (Figure 17 B to C).

" Spin offset Q is defined as the spectrometer reference frequency from the Larmor frequency of
the signal: 0 = wg — Wpef-
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From Bto C:

QAtlfAz+QXt1sz

5[(2114,[)(9; + QIAyIXy) COS((QA — Qx)tl) + (QIAyIXx — QIAxIXy) Sll’l((QA — Qx)tl)]
(20)

It is possible to preserve ZQ coherence and suppress DQ coherence by applying
gradient pulses. The coherence order of DQis p = *2, indicating that it can be dephased
by gradients, while ZQ coherence order is p = 0, meaning it is not affected by gradients.?
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 Cto D:

TrIAAx-‘rﬂ'IAXw
AT Xy

5[(211@0])(9: + QIAyIXy) COS((QA — Qx)tl) + (QIArIXy — 21,4@,1)@) Sll’l((QA — Qx)tl)]
(21)
From D to E: anti-phase operators are created

%foJ"%fX:v

1,0+ = PO s s N .
5[(21Axfxup + 200 1x.) cos((Qa — Qx)t1) + (2L aeIx= — 21 a-1x.) sin((Qa — Qx)t1)]
(22)

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

From Eto F:

2ndaxtoelazlx.
%

1 A 4 A a PN A a
5{ [(QIAT]XI + QIAZIXz) COS((QA — Qx)tl) + (2[AJ‘IXZ — QIAZ[XJJ Sill((QA — Qx)tl) COS(ﬂ'JAxtg)

(L — ) sin((904 — Qx)t) sin(wJAXt2>}
(23)

When t, is calibrated so that J,xt, = 1/2, the cosine term cos(m/,xt;) cancels out and
the sine term sin(m/ xt,) equals 1, giving Equation (24).

5[(2[1495])(95 + 2[AZIXZ) COS((QA — Qx)tl) + (IAy — IXy) sm((QA — Qx)tl)]
(24)
From Fto G:

nga;“l’%fXa:

1 . . . . .
5[(2]A,TIX3; + 20 aylxy) cos((24 — Qx)t1) + (La, — Ix.)sin((Qa — Qx)t1)]
(25)
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Once again one may recognize zero-quantum operator, which during period 7, goes from
x-axis to y-axis.

From G to H:

Qarla+Qxmlx,

1 A~ A ~

5[(2[,41,[;(9; + 214y Ixy) cos((24 — Qx)ty) cos((2a — Qx)71)
+ (20 ayIxs — 2L apIxy) cos((Q4 — Qx)t1) sin((Q24 — Qx)71)
-+ (fAz — sz) sin((QA — Qx)tl)]

(26)
This is followed by 1 /2-pulse along the x-axis for detection.
From HtoI:
1 A A PO
5[(2],495[)(3& + 2[Az[Xz) COS((QA — Qx>t1) COS((QA — Qx)T1)+
+ (2L oI xy — 2Lzl x2) cos((Qa — Qx)t1) sin((Qg — Qx )71 )+
+ (Ixy — Lay) sin((Qa — Qx)t)]
(27)

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

From I to/:
2nJaxtelazIx
1 A~ A A A
5[(2IAIIX$ + 2IAZIXZ) COS((QA — Qx)tl) COS((QA — Qx)7'1>+

+ (Ixy — Lay) cos((Qa — Qx)t) sin((Qa — Qx)7)+
+ (2 ap . — 204 1x,) sin((Q4 — Qx )t1)]

(28)
From [ to K:
WfAz+Wme
R s LA
1 A~ A A~ A
5[(2IAIIXI + 214, 1x.)cos((24 — Qx)t1) cos((a — Qx)71)+
+ (—Ixy + 1ay) cos((Qa — Qx)t1) sin((Q4 — Qx )7 )+
—+ (—QIAAx[AXZ -+ QIAAZIAXx) sin((QA — Qx)tl)]
(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 /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:

Ay +5ixa

5[(2IAxIXa: + QIAyIXy) COS((QA — Qx)tl) + (_[Az + IXZ) sm((QA — Qx)tl)]
(30)

One can recognize zero-quantum term, which, as shown before, goes from x-axis to
y-axis during evolution period 7;.

Second scan from G to H:

Qarila+Qx71lx-

1 A~ A A~ A
5[(2[Am]Xx —|— 2IAy[Xy) COS((QA — Qx)tl) COS((QA — Qx)T1)+
+ (20 ayIxe — 2L apIxy) cos((Q24 — Qx)t1) sin((Q4 — Qx)7m)+

+ (=L + Ix.)sin((Qa — Qx)t1)]
(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:

1 A A A~ A
5[(2[,496])(93 —+ QIAz[Xz> COS((QA — Qx)tl) COS((QA — Qx)Tl)—f—

+ (2 udxy — 2L az1x.) cos((Qa4 — Qx)ty) sin((Q4 — Qx)71)+
+ (jAy — ij) Sin((QA — Qx)tl)]

(32)
Second scan from I to J:
2ndaxTelaIx,
1 ~ A A~ A
5[(21A$IX$ + QIAZ-[XZ) COS((QA — Qx)tl) COS((QA — Qx)7'1>+
+ (Ixy — Lay) cos((Qa — Qx)t) sin((Qa — Qx)7)+
+ (—QjAIsz + ZjAszz) Sin((QA — Qx)tl)]
(33)
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Second scan from J to K:

TI’IAAﬁ—I—ﬂ‘fXT,
AT Xe,

1 . . N
5[(21141;[)(95 + QIAZ-[XZ) COS((QA — Qx)tl) COS((QA — Qx)7'1>+

+ (=Ixy + 1ay) cos((Qa — Qx)t1) sin((Q4 — Qx )7 )+

—+ (QIAAQCIAXZ — QIAAzIAXm) sin((QA — Qx)tl)]
(34)

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

(2L audxo + 2041 x.) cos((24 — Qx )t1) cos((Qa — Qx)71)

+ (Lay — Ixy) cos((Q24 — Qx)ty) sin((Qa — Qx)71)
(35)

From Equation (35) one may recognize a multiple-quantum coherence operator 214, [y,
which is a mixture of double- and zero-quantum parts, and a non-equilibrium operator
21,,1y,. Both of these are undetectable by NMR. The second term features in-phase
y-magnetization operators fAy and ny with opposite signs. These in-phase terms are
detectable by NMR and are responsible for obtaining the spectrum. fAy and ny 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
guantitative 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,*® 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.®26:3940

Hermkens et al. demonstrated how continuous non-hydrogenative hyperpolarization
at high magnetic field can be used to detect flavour components found in coffee?® and
whiskey?’ 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).3° 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-uM concentrations.
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While works by Hermkens et al. and Reile et al. utilized hydride-analyte correlations
in homonuclear HSQC?® and INEPT*® experiments, Sellies et al. showed that information
about the composition of the sample can be drawn from hydrides alone (2D zero-quantum
spectroscopy).?® 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 a-amino acids can be detected and quantified in urine samples,?® while
Dreisewerd et al. provided methods to discriminate and quantify D- and L-a-amino acids
directly using 2D HF-nhPHIP zero quantum spectroscopy.3®

In parallel, dDNP has shown promising results in metabolomics through 13C detection.?
13Cis an attractive approach as it has a much wider chemical shift range compared to H
(Chapter 1.1.2) thereby improving resolution necessary for biological samples and
mixtures. It has been applied to labelled cell and tissue extracts,**? plant extracts*® and
freeze-dried urine.** 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.***> Nonetheless, dDNP ability to analyse extracts at natural 3C
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.?®?” 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.® 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.414246

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 Il).

Widen the scope of HF-nhPHIP-detectable analytes to oligopeptides. Study
the complexation of oligopeptides to the iridium catalyst (Publication lIl).
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 1)

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.*’” 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.*®

In pharmacokinetics, the drug molecule’s metabolism is carefully studied in a
time-dependant manner to insure drug safety and assign dosage.***° 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).5! 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.>?
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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%.°*

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
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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.
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Figure 19. Nicotine (red triangles) and cotinine (blue circles) HF-nhPHIP signals in urine matrix
assigned by standard addition method. While Hy signals (right) are well separated, Hx signals (left)
are not. One of the diastereomers of cotinine and nicotine, resonate at the same *H 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,?® 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
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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.

5 225
F2lppm F2lppmy"

after5h after 24 h

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.>® 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.3® 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.

I Nic fra 2

ENV+ | HLB [Stata-x [ ENv+ | HLB [ stratax
pH 10.6 pH 8.6

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-d,. Analyte *H 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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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 KH,PO4 or 10 mM KH,PO, buffer at pH 7.4 for conditioning and washing
the cartridge were evaluated. 50 mM KH,PO, 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
H,0 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 KH,PO, buffer
at pH 7.4 was chosen for 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 KH,PO. buffer (yellow) or 50 mM KH,PO, buffer (green) in the SPE procedure. 50 mM
KH,PO,4 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 KH,PO, buffer is used.
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Figure 24. An expansion to Hy signals of nicotine (red triangles) and cotinine (blue circles) of two
different urine extracts (green and yellow) obtained by using H,O 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 uM and a quantitation limit of 0.7 uM. 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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Figure 25. Comparison of SPE recoveries in different urines (provided by six volunteers A — F) of
nicotine and cotinine extracted with methanol-d, or chloroform-d.

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.
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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.?° 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.
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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.

3.1.3 Sample Preparation for the Untargeted Approach (Publication Il)

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 CO, 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-d; and D,0 mixture and centrifuged to precipitate any insoluble molecules
(e.g. salts, lipids). For the HF-nhPHIP experiment, the methanol supernatant solution was
used.
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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.
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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 Il)

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.?® 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).>* 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.?°. 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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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 6 -23.55 to
-23.95 correspond to Ha, while those at 6 -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.

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,*>°® and
in medicine and pharmaceuticals.*”*® 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.

0]
NHJW(NH\HLOH C-terminus
(o]

(a)

(b)

G G F

Figure 32. Oligopeptides comprise multiple amino acids, which are connected with peptide bonds,
where N-terminus is the amino group (—-NH,, 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.?® found that a-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 6 -21..-23 ppm, while hydride trans to an O-atom at § -27 and
beyond.?>?® 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 (As3) with modifications made to the amino (—-NH;) 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 A; oligopeptides only A; methyl ester gave HF-nhPHIP signals resonating in the
proximity of pure As. 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 A; and N-acetyl A; methyl ester).
Neither of the A; peptides with blocked N-terminus produced observable HF-nhPHIP
signals (see supporting information in Publication IIl).

Next, signals from different configurations were assigned by synthesizing and
measuring °N-labelled alanine oligomers (Figure 33). Because °N is a spin-1/2 nucleus,
it splits hydrides’ doublet structure when it is in trans position to the hydride. A; methyl
ester, where the first alanine was °N-labelled, showed signal splitting at § -22.52 and
-22.61 for mono configuration and 6 —22.72 ppm for bidentate configuration (Figure 33b
yellow triangles and red circles, Figure 13 binding modes (b) and (d)). As methyl ester
with °N-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 °N-labelled oligopeptides (a) A-A[*>N]-A-A-OMe and (b) A[*>N]-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 1°N coupling can be seen only for (b)
A[*>N]-A-A-OMe mono and eq-eq configurations’ signals, confirming 1°N in axial and O in equatorial
position. ax-eq shows no splitting, which indicates that >N must be in axial position. (a) A-A[*>N]-
A-A-OMe does not feature 1°N 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. 4. Copyright 2023 The
Authors. Published by Analyst.

The 6 -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: O;, Oy, O;i), 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 As peptides, where different oxygen atoms are O-labelled.
However, the synthesis of such peptides with 0% is a costly procedure. Furthermore, due
to OY 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.>® 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 A; and A; peptides produced a 5-member cycle associating with O;
to the iridium, A4 and longer peptides preferred the 8-member cycle through O; (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.®® The effect is
observable for nuclei, which are less than 5 A apart. NOE experiments on alanine dimer
and alanine trimer HF-nhPHIP complexes confirmed configurations suggested by DFT
calculations. Alanine trimer showed NOE response between N;H and CHs of the first
alanine residue (DFT suggested distance 3.5 A), 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 N;H and CH; 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) A; and A3-OMe, (b) A;-OMe, (c) A-OMe, and (d) A,. A; and As
formed 5-member Ir-cycls, while A;-OMe and As-OMe present more complex structures containing
an 8-member cycle. Reproduced from Ref. >*. Copyright 2023 The Authors. Published by Analyst.

For each oligopeptide three distinguishable complexes were observed” — mono,
bidentate eqg-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 eg-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 eg-eq signal pairs, while other peptides showed only one signal
pair for that configuration.
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configuration for oligopeptides is the bidentate ax-eq configuration (as shown in Figure 34).
Interestingly, kinetic complex eg-eq was HF-nhPHIP detectable for alanine oligomers, but
not for amino acids.?’ 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 Hy 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).

FVAPFP A

YGGFL

GGYR |1

1 (ppm)

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-d, 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. >*. Copyright
2023 The Authors. Published by Analyst.
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-23 ppm. The untargeted approach was used to prepared the urine sample. Spectrum was recorded at 35 °C. Reproduced from Ref. >*. Copyright 2023 The Authors.
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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, pH,
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.?° 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 pH; 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.?®

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.%!

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

Bubbling pH, 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, pH;
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 pH; is produced in flow by catalytic conversion of cryo-cooled hydrogen gas.
Hyperpolarization is sustained by bubbling pH, 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 |.
The bubbling control system is connected to the NMR console, which allows to implement and
control pH; 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.2® Although
hydrides signals can be accurately assigned though internal standard addition,>>* 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’-0-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%
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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.
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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).
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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).

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.®? 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.®® 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.5%5465
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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.%%%7 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).
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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 Hy signals resonating at 6 -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).2%3! 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 § -17 to -17.9 ppm
in canine urine, human urine gave rise to signals at 6 -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.? Signals
resonating at 6 -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 6 -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.
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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 a-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 6 -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.
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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 a-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, 6 -17 and 6 -24.5 ppm (pink pentagons), possibly due to S-atom
association to the iridium catalyst.?®3! 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.
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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 § -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 6¢cc/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 KH,PO,4
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 KH,PO, buffer solution and dried with constant
N, flow at 1 bar for 30 min. Urine was extracted from the SPE cartridge with 1.6 mL of
methanol-d, and stored at -80 °C until NMR experiment.

The NMR sample comprised 1.2 mM [Ir(IMes)(COD)CI] (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 uL of SPE-treated urine. Total sample volume was
600 uL 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 pL of D,O and 450 pL of methanol-d, 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)CI], 103 mM 1-methyl-1,2,3-
triazole as co-substrate, and 30 pL of urine. Total sample volume was 600 pL 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)CI] (170-176 uL of 12-12.4 mM stock solution), 63.5 mM pyridine as
co-substrate (188-190 uL of 200-202 mM stock solution), 108 uL of 110 mM
piperidine/piperidinium buffer, and 30 pL of urine. Total sample volume was 600 pL 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 pL of D,0 and 450 pL of methanol-d, 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)CI], 63.7 mM 3-fluoro-4-
methylpyridine as co-substrate, and 30 uL of urine. Total sample volume was 600 pL 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 pH, 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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in methanol-d4 prior nhPHIP measurement. Ratio of catalyst : 3F4MePy : oligopeptide
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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
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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. ...t e s e st e e sae e e s ereeeeas 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
MELhod B, ChapLer 4.........oie ettt e e et e e e e et e e e et e e e eaaae e snbeeeeestaeesnnnes 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 a-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, 6 -17 and 6 -24.5 ppm (pink pentagons),
possibly due to S-atom association to the iridium catalyst.?®3! 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 6 -30 ppm region. At least four signals seem to arise from
oligopeptides present in both UrNES. .......eeeiiiiie e e 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.
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Lihikokkuvote

Korges magnetvaljas paravesinikul pohineva
mittehiidrogeenuva hiiperpolarisatsiooni meetodi
rakenduste arendamine bioloogiliste segude analiilisimiseks

Kdrges magnetvdljas paravesinikul pdhinev mittehlidrogeenuv hiiperpolarisatsiooni
meetod (HF-nhPHIP) on avanud paljulubavaid vdimalusi keerukate bioloogiliste
sisteemide detailseks analltsimiseks tuumamagnetresonantsspektroskoopiaga (TMR).
See doktorit66 uurib HF-nhPHIP uuenduslikke kasutusviise eesmargiga teha edusamme
metaboolomika, farmakokineetika ja mitteinvasiivsete diagnostikameetodite
valdkondades. See t60 on ajendatud vajadusest (letada traditsioonilise TMR
spektroskoopia piiranguid nagu madal tundlikkus ja madalas kontsentratsioonis
metaboliitide tuvastamise ning kvantifitseerimine. HF-nhPHIP (iletab need piirangud,
tGstes nii TMR analiiside tundlikkust kui ka selektiivsust, hdlbustades bioloogiliste
protsesside mdistmist ja abistades farmatseutilistes uuringutes.

See uurimus tutvustab uudset |dhenemist TMR spektroskoopias, optimeerides
HF-nhPHIP eksperimentaalseid tingimusi, valgustades molekulide seostumismehhanisme
iriidiumi katallisaatoriga ning demonstreerides tehnika rakendatavust nii sihitatud kui ka
sihitamata bioloogiliste proovide analiitsimiseks. T66 uudsus peitub selle vGimes tGsta
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 nditlikustatud inimese uriini analliisimisel. Laiendamaks
meetodi kasutatavust, vOrreldi inimese ja koera uriinispektreid. Lisaks sellele keskendus
t66 oligopeptiidide seondumismehhanismide uurimisele iriidiumi katallisaatoriga,
aidates kaasa hiperpolarisatsiooni protsessi siigavamale mdsistmisele. Doktorit6o
raames hinnatati kaas-substraadi moju HF-nhPHIP kemoselektiivsusele ning optimeeriti
eksperimentaalseid tingimusi laia rakenduste valiku jaoks.

Kokkuvottes margib HF-nhPHIP arendamine ja rakendamine bioloogiliste segude
anallilsis olulist hiipet TMR spektroskoopias. See doktorit6d loob aluse tulevaseks
uurimistooks, réhutades selle suurt potentsiaali teadus- ja meditsiiniuuringutes.
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ABSTRACT: Nuclear magnetic resonance spectroscopy (NMR) Hyperpolarized NMR  Pharmacokinetics
is a valuable analytical tool with applications in a vast array of B

research fields from chemistry and biology to medicine and

beyond. NMR is renowned for its straightforward data 2
interpretation and quantitative properties, making it attractive for

pharmacokinetic applications, where drug metabolism pathways,

concentrations, and kinetics need to be evaluated. However,

pharmacologically active compounds and their metabolites in Nic
biofluids often appear in minute concentrations, well below the
detection limit of NMR. Herein, we demonstrate how para-
hydrogen hyperpolarization overcomes this sensitivity barrier,
allowing us to detect mid-nanomolar concentrations of a drug and a drug metabolite in a biofluid matrix. The performance of
the method is demonstrated by monitoring nicotine and cotinine urinary elimination, reflected by their concentrations in urine
during the onset and withdrawal from nicotine consumption. An NMR limit of detection of 0.1 #M and a limit of quantitation of 0.7
MM is achieved in a practical pharmacokinetics scenario where precise quantitative and qualitative analysis is desired.

Concentration

Time

harmacokinetics (PK) is an important step in the modern ments for the development of pulse sequences for signal

drug development process,' where the fate of a bio- averaging'® and/or multidimensional spectra.’’ Under such
logically active substance has to be understood to assure drug conditions, HP can be carried out similarly to traditional
safety and develop optimal dosing regimens, carriers, drug NMR.
forms, etc. PK involves the time-dependent study of a drug and Herein, we demonstrate how on top of metabolic imaging
its metabolites in biofluids to understand the (bio)chemical applications,"* pH, HP can be used in PK research. As a proof
transformations that the drug undergoes.” Since such analytes of concept, pH, HP methodology was applied to the urine of
usually occur in minute concentrations in complex biological humans exposed to nicotine (Nic). Two common intake
matrices like blood or urine, exceptional resolution and methods were compared—smoking and absorption through
sensitivity are desired from any technique to be used in PK. the skin using a transdermal patch.

Nuclear magnetic resonance spectroscopy (NMR) is About 80% of Nic is metabolized into cotinine (Cot), which
recognized as one of the two most successful analytical accumulates in the body'® and is therefore a more accurate
techniques i“} 4bi0ﬂuid analysis (the other being mass descriptor of the smoking habit. Traces of Cot can be found in
spectrometry).”" Yet, metabolites in biofluids often stay urine for more than 2 weeks after the last Nic intake'® and its

below the limit of detection (LOD) of NMR due to its
moderate sensitivity. Hence, NMR is suitable for PK only
when relatively high concentration analytes are expected.

Steady progress has been made toward improving NMR
sensitivity by nuclear hyperpolarization (HP).>® Out of various
HP methods,” dissolution dynamic nuclear polarization (d-
DNP)®’ and parahydrogen (pH,) hyperpolarization'”'" have
been adapted for biomixture analysis. While pH, HP is
somewhat limited by its scope of detectable analytes, it
imposes lower demands on hardware, requiring relatively small
investments on top of common NMR equipment.

The Tessari group has developed pH, HP techniques that
allow continuous hyperpolarization with a scan repetition rate
similar to regular NMR while constantly keeping the sample in
a spectrometer.'” Applications can utilize multiscan experi-

concentration is used as a reference value to determine
whether a person is a smoker.'"”'® Nic and Cot are excreted
unchanged at about only 10% from total Nic absorption,'®
occurring in urine below the LOD of normal NMR. To prove
the pH, HP methods” sensitivity and quantitative nature, we
analyzed urinary elimination pharmacokinetics of Nic and Cot
in the urine of seven volunteers.
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B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals and consumables
were acquired from common internationally recognized
suppliers (details in the SI). All solutions, both stock solutions
and NMR samples, were prepared gravimetrically. Iridium
catalyst complex 1 precursor [Ir(Cl)(COD)(IMes)] was
prepared according to published procedures.'”*° Cosubstrate
1-methyl-1,2,3-triazole (mtz) was synthesized as previously
described,”" except the reaction temperature was lowered to
—21 °C for higher regioselectivity, and final purification was
done by vacuum distillation.

Sample Collection. Urine sample handling was approved
by Research Ethics Committee of the National Institute for
Health Development of Estonia (Decision No. 686). One non-
smoker, six cigarette smokers (V1—V6, aged 21—60 years,
smoking five or more cigarettes per day), and one transdermal
patch user (V7, age 40 years) participated in the study.
Smokers submitted initial samples while smoking casually.
Three smokers quit smoking for 2 weeks and produced urine
samples, starting with the morning after quitting. One
volunteer refrained from any nicotine for a substantial time,
before applying a nicotine patch (Nicorette Invisipatch TDP,
15 mg/16 h) and produced six samples: before applying the
patch, 1.5, S, 7, 10, and 24 h after application.

Urine Sample Handling. Urine samples were collected as
morning first midstream urine, frozen within 2 h, and stored at
—80 °C. Samples were allowed to thaw over a room
temperature water bath prior to sample preparation,
centrifuged at 1825¢ for 12 min, pH adjusted to 7.4 with 1
M NaOH, and centrifuged again.

Solid-Phase Extraction (SPE). Three SPE cartridges were
tested at pH 8.6 and 10.6 for both urine and buffer (Figure
SS): isolute ENV+ (6 mL, 200 mg), Phenomenex Strata-X (6
mL, 200 mg), and Waters Oasis HLB (6 mL, 200 mg). It was
known that approx. 800 uL of SPE extract contains the
majority of analytes.'® Therefore, two fractions of methanol
extracts were initially collected, each about 350—400 yL, and
measured by gqNMR. Recovery was evaluated by comparing
the signal integrals of the analyte and the internal standard
(DSS stock solution was gravimetrically spiked into the
extract). Strata-X proved to be most effective in extracting
Nic and Cot (Figure SSa). Further pH optimization was done
with Strata-X, establishing pH 7.4 as optimal.

Initially, methanol-d, was used as the SPE eluent. It yielded a
very complex extract with only 21% recoveries for Nic and Cot
(Figures SSb and S6). More importantly, the analysis of such
extracts displayed poor repeatability due to uncontrollable
variations in matrix effects. Out of various tested solutions and
mixtures, CDCl; was found to be a more suitable solvent,
giving a simpler extract and 95% recoveries for Nic and Cot.
CDClI; extracts also decreased sample-to-sample variations on
matrix effects to a degree where they became negligible. In the
optimal SPE protocol, Phenomenex Strata-X cartridges were
activated with methanol, conditioned with a 10 mM KH,PO,
buffer solution at pH 7.4, loaded with S mL of pH 7.4 urine,
eluted by gravity, washed with 3 mL of buffer, and dried with a
constant N, flow (~1 bar overpressure) for 30 min. Analytes
were eluted with 1.5 mL of CDCl, to produce approx. 1 mL of
the extract, which was stored at —20 °C until analysis.

NMR Sample and Experiment. Active pH, HP catalyst 1
([Ir(H,) (IMes)(mtz);], Figure 1b) was prepared in situ in an
NMR tube. One hundred and fifty microliters of a mixture of
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Figure 1. (a) Experimental setup—S50% enriched pH, was produced
in flow and bubbled through the sample under spectrometer control
via a bubbling control system (Figure S4). The sample was loaded
into an NMR tube (Figure S1), pressurized, and inserted into the
spectrometer. (b) Active iridium catalyst complex 1 responsible for
HP chemosensing.]3

the [Ir(Cl)(COD)(IMes)] catalyst precursor and the 1-
methyl-1,2,3-triazole (mtz) cosubstrate’® in methanol-d, was
weighted into a S mm Norell IPV tube, pressurized under S bar
of H,, shaken, and allowed to react for 2 h before adding 450
uL of the urine SPE extract in CDCl;. The final concentrations
were 12 mM for 1 and 21.6 mM for mtz. The tube was
connected to the HP setup, repressurized under S bar of H,,
and inserted into an NMR spectrometer (Figure la). HP was
facilitated by bubbling pH, through the sample under pulse
program control.'" Further detail on pH, preparation and
bubbling control hardware is provided in the SL

2D pH, HP spectra were recorded at 25 °C on an 800 MHz
Bruker Avance III spectrometer equipped with a He-cooled
cryoprobe. Spectral widths were 16 000 and 2000 Hz in f, and
fi dimensions, respectively. Data sets consisted of 16384
(complex) X 256 (real) points. pH, was bubbled through the
sample for 2 s between scans. A 90° shifted square sine window
function was applied in both dimensions and f; dimension was
zero-filled to 2048 points before Fourier transformation. The
dominant signal at —21.87 ppm in Figure 2 1D trace represents
complex 1 with three mtz ligands. This signal was omitted
from 2D spectra by time-domain convolution filtering*® to
avoid obscuring signals from low-concentration species (Figure
S9).

Data Analysis. All calculations are based on integrals of
signals in 2D ZQ_spectra. Signal integration was done by
predefined integration regions. A single calibration method was
devised to cover the SPE recovery and HP efficiency.
Calibration curves were chosen to contain 10 points and
their standard deviation is based on three parallel SPE extract
measurements of each point. Calibration measurements were
tested for outliers with the Grubbs test and Dixon’s Q-test
(OriginPro 2017 software), none were identified. Linear fitting
was used on the calibration points (OriginPro 2017), and the
obtained R* (coefficient of determination) values were
between 0.98 and 0.99. Nic and Cot concentrations in various
urine samples were determined from the corresponding linear
fits.

B RESULTS AND DISCUSSION

The HP method'" involves detecting pH,-derived hydrides of
short-lived iridium complexes 1 (Figure 1b), which act as
chemosensors'® of urinary metabolites.'”"" Spectral resolution
is derived from the fact that each analyte, which reversibly

https://doi.org/10.1021/acs.analchem.1c01281
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Figure 2. 2D ZQ pH, HP spectrum of a urine extract in CDCl;. Each complex of an analyte and 1 gives rise to two opposite phase doublets at the
same ZQ_frequency.’ Chiral analytes (i.e., Nic, Cot, and 3HC; Figure $10) can combine with 1 in two ways due to the stereogenic center on
iridium in the complex, forming two diastereomers with different physical properties. Signals were assigned by internal standard addition during
method development. Upper 1D trace recorded separately with the 1D SEPP sequence.

binds to 1, forms a chemically distinct transient complex that
resonates at specific frequencies.”® Analyte-specific hydride
signals are observed at around —22 ppm (Figure 2, horizontal
trace), a normally signal-free region of the 'H spectrum. This
removes non-iridium interacting analyte signals from the
spectral window of interest, reducing the signal overlap that
would occur over the 0—10 ppm region. Unlike most pH, HP
approaches,"”'>'#*** polarization transfer from hydrides to
analytes is not needed. Instead, the complex 1D spectrum of
HP-enhanced hydride resonances is resolved by 2D zero
quantum (ZQ) spectroscopy (Figure 2), which has been
shown to provide 3 orders of magnitude signal enhance-
ments."'

HP performance depends on catalyst 1 affinity toward
analytes and hydrogen solubility in the sample matrix. Water is
not a favorable environment for 1,'* and hydrogen gas has low
solubility in aqueous media. Therefore, the method cannot be
applied to urine directly, and solid-phase extraction (SPE) was
used to obtain urine extracts in a more suitable solvent.
Previous works'”'" have used methanol-d, as the SPE eluent,
which produces a highly complex extract with hundreds of
hyperpolarized signals.'”'" Resolution of this mixture by the
ZQ technique'" is possible (Figure S6), but it would take an
unpractical amount of time to acquire a sufficiently high-
resolution 2D spectrum.

To reduce the number of analytes in the sample, SPE
extracts were obtained in CDCl;. Chloroform releases only less
polar analytes, reducing the number of compounds capable of
binding to 1 and allowing us to record a substantially simpler
spectrum (Figure 2). Furthermore, SPE recovery of Nic and
Cot was 95% with CDCl;, three times higher than with
methanol (Figure SS). If the analysis of the more polar fraction
is also desired, a methanol extract could be collected and
analyzed afterward (Figure S7).

The reduced spectral congestion in CDCl; allowed the
reduction of the measurement time to 35 min per sample by
spectral folding in f; dimension, without compromising the
resolution or introducing signal overlap. We suggest that in
potential routine applications, additional time savings are
available by applying nonuniform sampling schemes to the
experiment.””

Unlike in normal NMR, signal integrals are related to
concentration in an analyte-specific manner: they depend on
the binding kinetics of 1 and the analyte>® and the multipulse
nature of the NMR experiment. Therefore, calibration is
necessary for determining the actual analyte concentration.

Calibration curves were obtained via standard addition of
Nic and Cot to a non-smoker’s urine at realistic concentrations
before SPE-based sample preparation (Figure 3).*” A limit of
quantitation (LOQ; SNR 20) was established at 0.2 M
concentration in urine with a standard deviation of less than
11%, demonstrating acceptable repeatability. Notably, we
observed tobacco-related signals at about 30 nM concentration
(SNR 3) in a non-smoker, indicating passive Nic exposure.
Considering the 3.7-fold concentration of analytes during SPE,
the NMR LOD in the sample tube is 0.1 M and LOQ is 0.7
UM.

Based on calibration curves, the concentrations of Nic and
Cot in various urine samples were assigned and normalized
with respect to the urine creatinine level to compensate for
differences in fluid consumption.”® Importantly, urinary
concentrations of Nic and Cot depend on the smoking habit
(nicotine concentration in a cigarette, number of cigarettes
smoked during the day, etc.) and individual metabolism (age,
rate of urine flow, urine pH level, etc.)."®* Based on the
average number of packs of cigarettes smoked per day
multiplied by the number of years smoked, pack-year
characteristics were estimated for each volunteer and found

9482 https://doi.org/10.1021/acs.analchem.1c01281
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Figure 3. Calibration curves for Nic (red) and Cot (blue) based on
the linear fitting of 10 data points (2D spectrum signal integrals).
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.'”

to correlate to analyte concentrations. The highest Nic and
Cot levels (Cy; U = 6.4 uM and C¢, U = 20.3 uM) were found
in urine V4 (30 pack-years, Figure 4). The mean value for Nic
and Cot among all smokers (mean Cy; .U = 2.3 uM and mean
CcoU = 6.3 uM) was comparable to what has been reported
by other techniques—HPLC>”* and LC/MS/MS.*’!
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Figure 4. Maximum concentrations of Nic and Cot (normalized by
creatinine concentration) in smokers’ urine samples, measured before
stopping the casual smoking habit. Error bars represent the standard
deviation of three parallels.

To follow the elimination of Nic, volunteers were asked not
to smoke for 2 weeks with no further restrictions on living
habits (e.g., diet, physical activity, and social activity). Changes
in Nic concentration after cessation of smoking can be seen in
Figure Sa. Traces of Nic stayed in urine for a longer period in
the older volunteer V3, as expected.'®* Nic spike on day 9
was caused by smoking in the previous evening. Volunteer V2
was passively exposed to tobacco smoke on days 3 and 4,
resulting in a slight increase of Nic on day 5. An experimental

9483

—A— /1
——\2
—=—\/3

Cyic In urine (uM)

Coet in urine (UM)

Time after quitting smoking (days)

Figure S. Nic (a) and Cot (b) concentrations (normalized by
creatinine concentration) in urine with respect to time from the last
cigarette. Error bars represent the standard deviation of three parallels.
Exponential fitting in (a) and (b) (dashed line) was applied to V1
data; the R? value for both plots was 0.99.

urinary Nic elimination half-life t,,, was determined from
exponential fitting®® to V1 values. Nic reached half of its initial
value (C,,,,U/2 = 2.0 uM) in 3.8 h.

The correlation between Cot and time from quitting
smoking is plotted in Figure Sb. The concentration in urine
reached zero relatively fast in a young person, V1. According to
exponential fitting, Cot t;,, = 17 h (C,,U/2 = 1.7 uM)
matched well with other studies.*”***° In other volunteers,
Cot decreased but stayed above 0.5 M. The higher Cot value
in V2 (min C¢oU = 1.3 uM), compared to an older person V3
(min CcoU = 0.6 uM), was probably due to passive Nic
exposure during the experiment as well as individual
metabolism and greater cumulative Nic exposure (26 vs 7.5
pack-years, Figure 4), during which Cot had accumulated in
the body.

The effect of the transdermal patch was evaluated to assess a
different route of administration (Figure 6). While smoking
increases the Nic concentration rapidly, the transdermal patch
is designed to release Nic gradually at a constant rate.'®
Urinary Nic concentration started to increase after wearing a
patch for 1.5 h and started to decrease after 10 h, as
expected.'®* Cot was detectable starting from 5 h. Nic
dropped suddenly at 7.5 h, possibly due to heavy water
consumption during the preceding 2.5 h, rendering normal-
ization by creatinine unreliable.

In addition, the buildup of new signals was observed in the
vicinity of Cot signals (Figures 6 and S8). These signals were

https://doi.org/10.1021/acs.analchem.1c01281
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Figure 6. Integral values of Nic, Cot, and 3HC in urine plotted
against time from applying a transdermal patch. Error bars represent
the standard deviation of three parallels. Note that the figure displays
signal integral values and not concentrations.

also present in smokers” urine samples (Figure 2), suggesting
that they represent a Nic metabolite. It has been found that
hydride signals of 1 corresponding to analytes with a similar
molecular structure appear close to one another on the ZQ_
spectra.'’ Combining this with the underlying knowledge on
Nic metabolism,'® new signals were identified by internal
standard addition as trans-3"-hydroxycotinine (3HC), a major
urinary Cot metabolite.''®*> The identification and observa-
tion of the 3HC buildup suggest that the method herein may
be useful in cases where new and/or unexpected metabolites of
intended analytes may appear.

Bl CONCLUSIONS

Based on the examples of Nic and Cot, we showed that pH,
HP can be used in PK applications to follow the decrease and
increase of different analytes’ concentrations in biofluids. We
demonstrated that it is possible to quantify minute
concentrations with good precision. In particular, molecules
produced in the body at very low concentrations were
quantified by NMR. pH, HP gave an NMR LOD of 0.1 uM
and a LOQ of 0.7 uM. Combined with the 3.7-fold sample
concentration by SPE, the whole method allows us to analyze
urinary metabolites with a LOD of 30 nM and a LOQ_of 0.2
#M with a standard deviation of 11%. We believe that
concentrations as low as 10 nM in urine are detectable if higher
pH, enrichment was used. Overall, this method opens new
ways for monitoring dilute analytes, allowing NMR to be
adopted in situations where it was not considered before. We
suggest that sample preparation protocols can be developed for
other biofluids and the method is not limited to urine.
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Parahydrogen hyperpolarization has been shown to enhance NMR
sensitivity in urine analysis by several orders of magnitude if urine
samples are prepared by solid phase extraction (SPE). We present a
different approach, developed for minimal sample alteration before
analysis. Removing SPE from the workflow allows to retain a wider
range of metabolites and paves the way towards more universal
hyperpolarized NMR metabolomics of low abundance metabolites.

Nuclear magnetic resonance (NMR) spectroscopy is one of the
leading analytical techniques for the characterization and
quantification of low-molecular-weight compounds in biologi-
cal samples.' Its key advantages - relatively simple sample
preparation, reproducibility, quantitative nature - make it
attractive for metabolomics studies. Yet, in analyte rich body
fluids, numerous endogenous molecules stay below the limit of
detection (LOD) of NMR or fail to be resolved in the most
sensitive '"H NMR spectra.

Traditionally, NMR sensitivity has been increased by higher
field magnets, cryogenically cooled probes and small volume
microprobes®® - none of which are likely to deliver orders of
magnitude sensitivity improvements in the near future. Alter-
natively, nuclear hyperpolarization (HP) techniques have been
developed to improve sensitivity by generating non-equilibrium
nuclear polarization by sample manipulation.*® Dissolution
dynamic nuclear hyperpolarization (d-DNP)° and non-
hydrogenative parahydrogen hyperpolarization (pH,-HP),” in
particular, have already matured to see applications in biomix-
ture analysis.

PH,-HP offers a solution for both the sensitivity and resolu-
tion challenges in urinary metabolomics,” doping detection®
and pharmacokinetics.” These examples have used a possible
drawback of pH,-HP in their benefit, as the process’s inherent
chemoselectivity reduces the number of detectable analytes,
alleviating resolution issues. All mentioned works have relied
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on solid phase extraction (SPE) to render urine compatible with
pH,-HP. SPE, however, is not always attractive for metabolo-
mics since it adds another layer of chemoselectivity, further
reducing the scope of detectable analytes. Herein we remove
SPE from sample preparation by identifying ammonia as the
most aggressive pH,-HP interfering urine component and by
eliminating it with minimal sample manipulation, retaining
the majority of urinary metabolome. This allows detection of
different polarity metabolites (a challenge for SPE), while still
maintaining the quantitative properties™* of pH,-HP.

The pH,-HP technique employed herein”'" relies on adding
an iridium-based hyperpolarization catalyst to the sample,
which reversibly binds parahydrogen and analytes (Fig. 1).
Metabolites that are capable of binding complex 1 are detected
remotely via the hydride resonances of each analyte’s transient

(a) 4\

Mes—N_N=Mes
H H,\( mtz
/ |
H _\ [N {—
H,|\Analyte
itz
H\H<-) m s Analyte

Analyte

(b)

#

-20.5 -21.0 -21.5 -22.0 -22.5 -23.0
Chemical shift (ppm)

Fig. 1 The pH,-HP process. (a) The process as carried out by an Ir-based
catalyst 1 and an 18-fold excess of a co-substrate’® (1-methyl-1,2,3-
triazol, mtz), collectively referred to as the catalyst system; (b) a hyperpo-
larized 1D spectrum of a urine sample, prepared by the method presented
in this work. (#) denotes the symmetric complex with three mtz ligands
(i.e., analyte site occupied by mtz).
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catalyst complexes at —20...—24 ppm (Fig. 1) instead of their
native resonances at 0...10 ppm region, introducing two bene-
fits. Firstly, the hydride signals are enhanced by up to 1000-
fold,” allowing detection of analytes below the LOD of regular
NMR. Secondly, spectral overlap issues are alleviated as detec-
tion at —20 ppm region excludes overlap with non-catalyst-
interacting metabolites. Moreover, in comparison to regular
'H NMR where analytes can have numerous signals, hydride
signals are reduced to a pair of doublets for each analyte,'”
further relieving spectral congestion. Due to the complex
nature of urine and the chemical properties of the best per-
forming pH,-HP catalysts (e.g.,, poor water solubility), some
form of sample manipulation prior to analysis is unavoidable.
Compatibility with urine has been achieved by SPE, replacing
water with a suitable solvent (alcohol” or chloroform®) and
removing pH,-HP interfering components. SPE fractionates
analytes based on a particular chemical property (e.g., analyte
polarity), imposing an additional selective filter. This is bene-
ficial for targeted analysis, allowing to concentrate desired
analytes. However, when more universal analysis is desired
(e.g., metabolomics applications), SPE is a hindrance.

Sellies et al. showed that SPE can be skipped for urinary
amino acids analysis and sample preparation is reduced to
20-fold dilution of urine in methanol, if the co-substrate is
changed to pyridine."* These conditions, however, are unsuit-
able for analysis of the rest of the metabolome since the high
catalyst affinity of pyridine prevents the lower affinity metabo-
lome from binding.'® Although 1 (with mtz) is known to
tolerate low water concentrations in samples,'* when 30 pL of
urine was diluted in 570 pL of methanolic solution of 1 (20-fold
dilution), only two dominating doublets (—21.87 and
—22.06 ppm) along with very few other hydride signals
(Fig. 2a) were observed. Since urine is acidic, it can be rational-
ized that basic nitrogenous metabolites would be protonated,
rendering them either unable to bind to 1 or insoluble in
methanol. Increasing urine pH in an attempt to deprotonate
analytes simply increased the two signals (Fig. 1b), which were
attributed to complexes with urinary ammonia (NH;), a known
good ligand for 1." Since the concentration of ammonia (ca.
30 mM)'® exceeds that of diagnostically valuable metabolites at
low-uM levels by orders of magnitude, the higher affinity NH;
excludes analysis of most of the otherwise catalyst interacting
metabolome.

Consequently, urine sample preparation should focus on
removal of ammonia, which is mostly formed by degradation of
urea."” Although the latter is a poor ligand for 1 and does not
interfere with pH,-HP," it is the major organic component of
urine (up to 50% of organic solids). Since it would serve as an
ammonia pool, urea should also be removed before analysis.

In principle, urea could be decomposed under mild condi-
tions by the urease enzyme.'® However, urease treatment is
known to introduce artifacts and misinterpretations into urine
analysis'® and still requires removal of the resulting ammonia.
The latter proved to be challenging, since under mild condi-
tions (pH < 8) ammonia stays trapped in urine as nonvolatile
salts and could not be removed by vacuum drying.
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Fig. 2 1D pH,-HP spectra of urine samples prepared at different pH
values. NHz removal was judged by the decrease of NHs related signals
(*) and the increase of signals related to other metabolites. Residual NH3
was also evaluated by regular *H NMR (ESI+).

Both tasks - hydrolysis of urea and ammonia stripping®*° -

were achieved at once if the pH of urine was raised to above the
pKa of ammonia (pH > 9.3). Screening of reaction conditions
(Fig. 2c—e) proved that in the presence of a strong base (sodium
hydroxide) urea is chemically decomposed at pH 11 at room
temperature, allowing to skip urease treatment. As a precau-
tion, to minimize the risk of undesired metabolome degrada-
tion, vacuum drying was substituted with lyophilization,
leaving only trace amounts of residual NH; in the sample.

The process yields ammonia stripped solids that can be
reconstituted, presenting an opportunity to produce a concen-
trated sample, similarly to SPE in earlier works.””® Concen-
tration would be desired to compensate for sample dilution
upon mixing with a methanolic (optimal solvent for pH,-HP)
solution of 1. Accordingly, solids from 2.4 mL of ammonia
stripped urine were reconstituted in 150 pL of D,O (16-fold
concentration). However, when the concentrate was mixed with
methanol-d, solution of 1, heavy precipitation occurred, as
methanol does not solubilize all urinary salts, lipids, etc.

In order to remove the precipitate prior to introducing the
solution of 1, 450 pL of methanol-d, was added to the D,O
solution (1:3 vol/vol, reducing concentration factor to 4-fold)
and centrifuged. 30 pL of the resulting supernatant was mixed
with 570 pL of methanolic solution of 1, producing a pH,-HP
compatible 5-fold diluted urine sample with 1.25% vol/vol D,O
content. pH,-HP analysis of the mixture yielded a complex 1D
spectrum of overlapping hydride signals (Fig. 1) that was

This journal is © The Royal Society of Chemistry 2022
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resolved with the 2D zero-quantum (ZQ) correlation experiment
(Fig. 3),” revealing the information rich response of the mini-
mally altered urine sample.

Identification of analytes responsible for the signals is a
challenge that at present is best addressed by internal standard
addition'" and by comparing hyperpolarized signal frequencies
with external standards. We identified pyridine derivatives
nicotine, cotinine, nicotinamide and 3-hydroxycotinine, that
have previously been detected by SPE based approaches,®® but
also adenine (nucleobase), adenosine, guanosine (nucleosides)
and potential cancer biomarkers Ng-methyladenosine and N;-
methyladenosine (Fig. 3 and ESIT). Some of these (e.g., adenine
and nicotine) are of sufficiently different polarity and acid-base
properties to make their concurrent isolation by SPE difficult.
More elaborate assignment of signals, as well as developing
new assignment strategies, remains a focus for ongoing
research. It is already known that signals from structurally
related compounds are diagonally aligned in the 2D ZQ
spectra’ and spectral proximity can be combined with prior
knowledge on metabolic pathways to methodologically guide
standard addition - a strategy that we have used to identify an
emerging drug metabolite in a pharmacokinetics study.’

View Article Online
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The ability to use these signals for quantification of trace
metabolites is a key feature of the pH,-HP process.'* A linear
correlation of signal integrals to analyte concentrations is
maintained as long as the cumulative concentration of
catalyst-interacting analytes is substantially below the co-
substrate (Fig. 1, mtz) concentration.”’ This condition failed
to be met with typical pH,-HP catalyst and co-substrate con-
centrations (1.2 mM and 18 mM, respectively)>>'" with the
sample preparation of this work. The quantitative regime was
recovered when the catalyst system concentration was raised
fivefold to 6 mM 1 and 108 mM mtz (see ESIT). We speculate
that high catalyst loading is required since we are effectively
introducing the whole methanol soluble fraction of urinary
metabolome to the sample, resulting in a substantially higher
cumulative concentration of catalyst interacting metabolites
than in SPE extracts. Furthermore, certain high catalyst affinity
metabolites (e.g. amino acids)’® can form irreversible com-
plexes with Ir-catalysts, rendering them inaccessible to the rest
of the metabolome.

Quantitative performance at raised catalyst loading was verified
by internal standard addition series for 3-hydroxycotinine and
1-methyladenosine (Fig. 4). Both responded linearly within their
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Fig. 3 2D ZQ spectrum of a smoker's urine sample: mila - N;-Methyladenosine, m6a - Ng-Methyladenosine, 3hc — 3-hydroxycotinine, cot — cotinine,

nic — nicotine, nam — nicotinamide, ade — adenine, a — adenosine, g - guanos

ine. Symmetric complex signal (Fig. 1, #) has been removed by convolution

filtering. Remaining noise ridges at around —22 ppm are caused by residual ammonia. See Fig. S12 (ESI{) for a magnification of the spectrum and a

graphical comparison to an SPE based sample.
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Fig. 4 Internal standard addition curves of hydride resonances’** allowed

to establish analyte concentrations in urine as 163 uM for 3-
hydroxycotinine and 5.0 pM for 1-methyladenosine (after considering
the 5-fold urine dilution in sample preparation).

biologically relevant concentration ranges, confirming that applica-
tions can rely on a predictable relationship between signals and
concentrations. However, due to the nature of the multipulse
detection scheme,” combined with analyte specific binding
kinetics*® and relaxation,” individual calibration curves have to
be established for each analyte.

In conclusion, we have verified that ammonia and methanol
insoluble urine components are the main obstacles in analys-
ing the iridium binding low-molecular weight urinary metabo-
lome with the pH,-HP process. We developed a sample
preparation protocol that removes ammonia, urea (primary
source of ammonia) as well as the methanol incompatible
portion of the metabolome. This allows to avoid SPE and
analyse minimally altered urine, yielding a highly complex
hyperpolarized 2D ZQ NMR spectrum with a wealth of informa-
tion. This technique can no doubt be adapted in targeted
analysis experiments,”® but more importantly, it paves the
way towards harnessing the added sensitivity in metabolomics
studies in future research. Such applications would not neces-
sarily require definite analyte identification nor quantification
since samples would be classified based on metadata (i.e.
disease state) and spectral features (i.e. the presence and
intensity of signals). The chemoselectivity of the Ir-catalyst
and analyte solubility in methanol would be the only filtering
layers in the process, which will gain access to the unexplored
metabolic information that lies below the LOD of regular NMR,
compensating for the added complexity in sample preparation.
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Parahydrogen hyperpolarization has evolved into a versatile tool in NMR, allowing substantial sensitivity
enhancements in analysis of biological samples. Herein we show how its application scope can be
extended from small metabolites to underivatized oligopeptides in solution. Based on a homologous
series of alanine oligomers, we report on an experimental and DFT study on the structure of the oligopep-
tide and hyperpolarization catalyst complexes formed in the process. We demonstrate that alanine oligo-
mers coordinate to the iridium carbene-based catalyst in three different ways, each giving rise to distinc-
tive hydride signals. Moreover, the exact structures of the transient oligopeptide-catalyst complexes are
oligomer-specific. This work gives a first insight into how the organometallic iridium-N-heterocyclic
carbene-based parahydrogen hyperpolarization catalyst interacts with biopolymers that have multiple
catalyst binding sites. A preliminary application example is demonstrated for oligopeptide detection in

Received 4th August 2023,
Accepted 25th September 2023

DOI: 10.1039/d3an01345f

rsc.li/analyst urine, a complex biological mixture.

Published on 26 September 2023. Downloaded by Tallinn University of Technology on 10/17/2023 8:44:22 AM.

Introduction

Oligopeptides are a diverse family of small biopolymers consisting
of 2-20 amino acids with a wide array of biological properties, e.g.
target selectivity and affinity, biodegradability, and low toxicity."
They are absorbed through skin more efficiently than larger pro-
teins and are therefore employed in cosmeceuticals.”” In medi-
cine, oligopeptides are of interest as biomarkers or mediators of
disease, and as drug candidates® or drug transporters.®
Development and innovation in such broad application
scope requires adequate analytical techniques. However, the
complex nature of biological matrices and the often low abun-
dance of oligopeptides makes analysis in their working environ-
ment challenging.®” Among the main complications in oligo-
peptide analysis are sample purification along with detection
and quantitation in multicomponent samples.”” For instance,
mass spectrometry analysis on biological samples is hampered
by extensive ion suppression by more abundant compounds,
complicating detection of low concentration short peptides.®
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Nuclear magnetic resonance spectroscopy (NMR) is less hin-
dered by sample matrix effects but lacks the required sensitivity
and resolution. Low concentration biomolecules, including oli-
gopeptides, frequently fail to be detected since they fall below
the NMR limit of detection, cannot be spectrally resolved from
signals of more abundant sample components, or frequently
both - even on the ultra-high field instruments available today.
However, this sensitivity barrier can be overcome by various
nuclear hyperpolarization techniques which drastically increase
NMR signals.'® So far, dissolution DNP'""'* and parahydrogen-
based hyperpolarization techniques (SABRE, PHIP, nhPHIP)"
have been demonstrated to be applicable for the analysis of bio-
logical mixtures and metabolites.'*"

Detection of oligopeptides by parahydrogen (pH,) hyperpol-
arization has been achieved before only by chemical modifi-
cation of analytes. Examples include inserting unsaturated
labels into peptide side chains'® or into disulfide bridged oli-
gopeptides'” to enable hydrogenative PHIP. Alternatively, an
iridium-interacting pyridine tag has been synthetically incor-
porated into oligopeptides for SABRE hyperpolarization.'®*’

In this work we show how pH, hyperpolarization can be
used to detect short oligopeptides without prior chemical
modification by high-field non-hydrogenative parahydrogen
induced polarization (HF-nhPHIP aka nhPHIP, Fig. 1).*° An
elaborate study on the structure of the organometallic com-
plexes that facilitate hyperpolarized detection of oligopeptides
is shown for alanine oligomers as model compounds.
Experimental NMR and DFT results give insight into nhPHIP
catalyst coordination of multidentate biopolymers. In addition,
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Fig. 1 Schematic representation of the nhPHIP complex [Ir(IMes)
(H)2(sub)eq(sub)eq(sub)aICL pH; derived hyperpolarized hydrides Ha and
Hy are detected, while pH, and substrates (sub, an analyte or a cosub-
strate) reversibly associate with the catalyst. Hy and Hy chemical shifts
reflect the type of substrate trans to their position. Oligopeptides can
form mono- and bidentate complexes via eq (yellow), eq—eq (red), ax—
eq (blue) and reversed ax—eq (gray) sites. Any ax or eq site not occupied
by an analyte is taken up by a cosubstrate which is present in excess.

we demonstrate that the approach can be applied to oligopep-
tide sequences consisting of various amino acids and is com-
patible with the complex biofluid matrix of urine.

Results and discussion
nhPHIP system optimization

The working principles of nhPHIP have been reviewed in
detail recently.*® In short, it does not require chemical modifi-
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cation of analytes, only their binding to the iridium catalyst
(Fig. 1). After an analyte associates to the catalyst, a new
complex is formed, which will give rise to specific hyperpolar-
ization-enhanced signals H, and Hyx between -15 and
—30 ppm in 'H spectra. Based on these signals, trace quan-
tities of analytes can be detected and quantified.'>*'">*
Selectivity towards various analyte classes can be optimized by
changing the cosubstrate in the catalyst system, where methyl-
triazole (mtz) has emerged as the optimal choice for
N-heterocyclic  analytes'>***® and pyridine for amino
acids.>”?®

Tuning the nhPHIP system towards amino acids with pyri-
dine as cosubstrate®® involved heating the sample to 50 °C
under strong basic conditions (pH 11) - a potentially undesir-
able combination due to possible hydrolysis and oxidation of
peptides.”® A screening of ten alternative cosubstrates with
different steric and electronic properties®® (SI_nhPHIP
Fig. S1t) on a mixture of amino acids (Ala, Leu, Phe) under
basic conditions revealed 3-fluoro-4-methylpyridine (3F4MePy)
as optimal, since it forms the desired amino acid catalyst
complex spontaneously at room temperature.

Combining the modified system of Ir-IMes catalyst and
3F4MePy cosubstrate with alanine trimer (A;3) or pentamer (As)
under basic conditions without heating formed distinguish-
able hydride signals around § —23.2 and § —30.6 ppm (Fig. 2a
and SI_nhPHIP Fig. S3t). Since the signal pattern for both oli-
gopeptides was similar to what has been reported for amino
acids, formation of an analogous axial-equatorial bidentate
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Fig. 2 nhPHIP spectra of (a) As under basic conditions, (b) As under basic conditions after heating at 50 °C for 7.5 min, (c) As with no additional
base or heating. Blue circles correspond to the diastereomers of A; ax—eq complex, red circles to eq—eq complex, and yellow triangles to the dia-
stereomers of mono complex. Violet circles represent ax—eq signals of the two diastereomers of monomeric alanine-iridium complex.28 Signals
which overlap in 1D were assigned from a 2D spectrum (see SI_nhPHIP Fig. S47). Asterisk (*) denotes signals from iridium-complex of 3F4MePy,
solvent, and impurities. Samples contained a 1:18: 0.08 ratio of catalyst : 3F4MePy : Az. All spectra measured at 10 °C sample temperature. Note that
heating the sample under basic conditions increased monomer signals (violet circles) (a) vs. (b). Monomer complexation was suppressed when no

additional base and heating were applied (c).
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complex (ax-eq) can be assumed (Fig. 2, blue circles 5 —23.26
and —30.48, 6 —23.36 and —30.76 ppm; SI_nhPHIP Fig. S37 for
AS).ZO’ZS

The spectrum also showed traces of Ala monomer as impur-
ity (Fig. 2, purple circles Hy —23.85 and —23.93 ppm, H,
—28.26 and —28.09 ppm, and SI_nhPHIP Fig. S37), undetect-
able by regular NMR. Heating the sample over a 50 °C water
bath for 7.5 min, followed by nhPHIP measurement at 10 °C,
increased monomer signals, while relative intensity of oligo-
peptide signals decreased (Fig. 2b and Fig. S3+). This suggests
complexation of Ala monomer is favored over oligomers under
basic conditions and heating accelerates the formation of the
thermodynamically preferred monomer complex.”®

Monomer complexation was suppressed when no
additional base and heating were applied (Fig. 2c), giving a
possibility to tune the method toward oligopeptide detection
and avoid amino acid binding to the catalyst. This modifi-
cation revealed additional hydrides’ signal pairs, which corres-
pond to the bidentate eq-eq (Fig. 2c, red circles § —22.66 and
—29.76 ppm) and monodentate mono (Fig. 2c, yellow triangles
5 —22.48 and —23.25 ppm, and § —22.50 and —23.18 ppm)
analyte binding modes (Fig. 1). While the general hydride
signal pattern of ax-eq complex is similar to Ala monomer, the
noticeable 2-3 ppm chemical shift difference points towards
notable variations in oligopeptide binding to iridium (Fig. 2).

Elucidation of oligopeptide binding modes using A; as a
model compound

Hydride signals H, and Hy are present only when an analyte
associates to the iridium catalyst. Chemical shifts of these
signals indicate the type of the functional group trans to a
hydride signal. Oligopeptide complexes’ H, signals at
—30 ppm region coincide, in addition to amino acids, with lit-
erature examples for hydrides trans to eq-eq bidentate
O-binding of pyruvate®'~*> or oxalate.*® However, oligopeptide
binding by multiple O-sites is ruled out by Hx chemical shifts
of A; at —-23.35 and -23.26 ppm (Fig. 2 blue circles),
suggesting the involvement of an N-ligand. While this con-
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dition could also be met by monodentate O-binding from A;
C-terminus and a 3F4MePy unit in the other eq site, it is un-
likely, since hydride signals for a C-terminus model compound
valeric acid were not observable. Monodentate N-terminus
binding (mono), on the other hand, is possible, since the sec-
butylamine signals resonate at —19.9 and —22.3 ppm, specific
to nitrogen binding in the equatorial plane (SI_nhPHIP
Fig. S5T). The above supports the hypothesis of a bidentate
complex with O-binding trans to H, around § —30 ppm and
N-binding trans to Hy around 6 —23 ppm (see 2D correlation
spectra in SI_nhPHIP Fig. S47).

In order to elaborate which N and O sites of A; participate
in binding, N-acetyl A; (Ac-A-A-A), N-acetyl A; methyl ester (Ac-
A-A-A-OMe) and A; methyl ester (A;-OMe) were synthesized
(see synthesis details in SI_nhPHIP, nhPHIP spectra in
SI_nhPHIP Fig. S6f). Only A;-OMe gave rise to observable
hydride signals with H, chemical shifts remarkably similar to
A; (SL_nhPHIP Fig. S7t). This confirms that the C-terminus is
not involved in catalyst binding, also supported by the obser-
vation that hydride chemical shifts for A; do not change
noticeably under basic or neutral conditions (Fig. 2 spectrum
avs. ¢). Therefore, while the N-terminus is crucial for bidentate
catalyst binding, the C-terminus is not involved, and
O-binding is likely provided by one of the peptide bond carbo-
nyl groups.

Further experimental evidence on Aj;-catalyst complexes’
configurations was obtained from analysis of nhPHIP hydride
spectra from labeled A['°N]-A-A-OMe (Fig. 3 and SI_nhPHIP
Fig. S8 and S971). "N induced coupling of 17.44 Hz and 17.52
Hz on H, signals at —22.53 and —22.62 ppm, respectively, con-
firmed the presence of two diastereomeric mono configur-
ations (Fig. 3, yellow triangles). Their associated Hy signals at
6 —23.17 and § —23.26 ppm are in agreement with the trans
nitrogenous heteroaromatic cosubstrate (3F4MePy). Likewise,
the eq-eq complex was confirmed by a 16.16 Hz */yy; coupling
for Hx signal at 6 —22.72 ppm. Its coupling partner Hy is a
doublet at 6 —29.66 ppm, indicating a trans O-ligand (Fig. 3,
red circles). Note that the analogous eq-eq complex was not
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Fig. 3 nhPHIP spectrum of °N-labelled A; methyl ester A[15N]-A-A-OMe gives rise to hydrides’ signals of ax—eq (blue circles), eq—eq (red circles),
and mono (yellow triangles) configurations. Signal splitting due to >N coupling can be seen in mono and eq—eq configurations’ signals. ax—eq
shows no splitting, confirming N; in axial and O; in equatorial position. Asterisk (*) denotes signals from the 3F4MePy-Ir-complex. The sample con-
tained a 1:8: 0.6 ratio of catalyst : 3F4MePy : A[15N]-A-A-OMe. Recorded at 10 °C sample temperature.

This journal is © The Royal Society of Chemistry 2023
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nhPHIP observable for amino acids,”® suggesting that hydro-
gen exchange kinetics is more favorable for oligopeptides.

Hydride signal pairs at 6 —23.42 and —23.47 ppm (Hy),
associated with 6 —30.39 and —30.75 ppm (H,), were identical
to A;-OMe and did not exhibit any multiplicity that would indi-
cate equatorial "°N binding (Fig. 3, blue circles). This supports
the diastereomeric ax-eq complex structure. While the experi-
mental evidence from above excludes the C-terminus oxygen
binding, it does not allow to establish which of the remaining
A; O-sites are involved.

DFT calculations: from r-alanine to A

Further insight into the structures of involved complexes was
sought from DFT calculations. The preferred contact topology
in the coordination sphere around the iridium atom was estab-
lished for equilibrium N- and O-binding modes for the [Ir
(IMes)(H),(3F4MePy)(i-Ala)]” model complex containing mono-
meric deprotonated r-alanine. Such choice of a model system
allowed to cross-validate calculation results with published
experimental work on amino acid catalyst complexes,*® thereby
verifying the reliability of the chosen DFT methods.

Calculations showed that the binding pattern with
N-terminus in ax and C-terminus oxygen in eq plane is the
energetically favored bidentate 1-Ala-catalyst-complex, in agree-
ment with experimental results from Tessari group>® as well as
with the recent gas-phase DFT study,® further confirming
strong prevalence of the bidentate ax-eq binding mode for
alanine (see SI_DFTf). Additionally, according to DFT, there
are two bidentate binding topologies of higher energy: reversed
ax-eq and eq-eq (Fig. 1).

Applying all three bidentate contact geometries, along with
the mono configuration, and optimizing for the A;-OMe
complex, showed that the most stable binding pattern features
bidentate ax-eq coordination with N-terminus in ax position
(Fig. 4a). Calculations towards establishing the particular
O-site involved in eq binding were carried out in parallel for
A;-OMe and A;. These structures contain three carbonyl
oxygen atoms (starting from N-terminus O;, Oj;, Oj;;) where the
first two are located in peptide bonds and the last is in the
C-terminus. Any of these can potentially bind to iridium in the
eq site to form the ax-eq configuration. DFT calculations (see
SI_DFTT) revealed that the preferred bidentate binding to the
iridium catalyst involves oxygen O; yielding a 5-membered
cycle (Fig. 4a). Both A;-OMe and A; maintain a similar binding
site topology as a single deprotonated alanine, but without the
involvement of strong electrostatic interactions of the latter.

Iridium catalyst complexes of A;-OMe and A; are addition-
ally stabilized by an intramolecular hydrogen bond between
the N;H and Oy; sites (3.2 A distance between heavy atoms,
Fig. 4a). Such a configuration places the third peptide bond
Ni;; hydrogen on average 3.5 A distance from the methyl of the
first alanine residue - confirmed experimentally by an observa-
ble NOE contact between the two sites (NOE data in SI_NMRf).

Analogously to t-alanine, the trimer has two further higher
energy bidentate binding topologies: reversed ax-eq and eq-
eq. In contrast to a single amino acid, the reversed ax-eq,

Analyst

View Article Online

Analyst
(a) AAA or AAA-OMe (b) AAAA-OMe
— ! , — — —
20— N N~ 2N N~
“ & ~F
H... +..~N@/ Hoo |4 NS
H/'ir H/'ir OMe
..... fo)
NHENS W j/OR NHANOR Y
i
----- \{/ HNG N\ O 'I'I‘"fv Oji
= N
R=H, Me H 'ﬁ/goﬁ Ny
: H
(c) AA-OMe (d) AA

Fig. 4 Bidentate binding to the iridium catalyst of (a) As and As-OMe,
(b) A;-OMe, (c) A,-OMe, and (d) A,. DFT calculations (see SI_DFTY)
reveal that A, and Az preferred bidentate binding configurations involve
N;H and O;, forming a 5-membered Ir-cycle. A single intramolecular
hydrogen bond between a N;H moiety and the Oy; contributes to stabi-
lization of the Az complex. A, and A,-OMe complexes lack intra-
molecular hydrogen bonding. A;-OMe and As-OMe (SI_DFTY) present
more complex structures, containing an 8-membered cycle and mul-
tiple intramolecular hydrogen bonds.

where the N-terminus is in an eq position and O in an ax, is
the highest energy configuration for A;-OMe. Therefore, DFT
calculations confirm that complexes with both H, and Hy
experimental chemical shifts in the —22...—23 ppm region do
not involve O-binding and belong to the N-only mono con-
figuration. The third possible bidentate complex, the eq-eq, is
energetically between the reversed ax-eq and the mono
complex. The negligible Boltzmann probabilities of these con-
figurations (around 1% for mono and close to zero for both
eq-eq and reversed ax-eq) suggest that at equilibrium con-
ditions they may appear only in trace amounts. However,
mono and eq-eq were experimentally observed (Fig. 2¢ & 3),
indicating that the thermodynamic equilibrium had not been
reached at current experimental conditions and these com-
plexes are likely subject to kinetic decay.

Structures of other alanine oligomer-catalyst complexes

nhPHIP of longer alanine oligomers A;-OMe, As-OMe and Ags-
OMe (Fig. 5) display similar experimental hydrides’ chemical
shifts to A;-OMe and A;. The alanine octamer and decamer
did not give any nhPHIP signals, probably due to poor longer
oligomer solubility in methanol.

To evaluate whether the similar chemical shifts correspond
to the same binding configurations and intramolecular hydro-
gen bonding patterns as for A;-OMe, the lowest energy ax-eq
coordination topologies were selected for DFT studies of tetra-
and pentamer esters. Simulations indicated preferential
binding of A;-OMe and As-OMe to the catalyst via O;; equator-
ial coordination, leading to an 8-membered Ir-cycle (Fig. 4b

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The nhPHIP H, ax—eq (blue) and egq-eq (red) signals of
monomer to hexamer as indicated on the figure. Tetra-, penta-, and
hexamer were analyzed in methyl ester form due to their poor solubility
in carboxyl acid form and difficulties in deprotecting the C-terminus.
Spectra recorded at 10 °C.

and SI_DFTY). Two intramolecular hydrogen bonds support
formation of such structures. One hydrogen bond forms
between N;H and O;, and the other between O; and N;,H sites,
with 2.8-2.9 A and 3.0 A distances between heavy atoms,
respectively.

Catalyst binding of the alanine dimer and its methyl ester
present a more complex case. A,-OMe complexation is driven
by an eq contact of O; with Ir, forming a 5-membered cycle
(Fig. 4c), similarly to A;-OMe and A;. These calculation results
are supported by the proximity of the H, chemical shifts to
those of A; (SI_nhPHIP Fig. S107). Due to the lower flexibility
of the truncated oligopeptide chain, the formation of an intra-
molecular hydrogen bond between N;H and the sole remaining
carbonyl oxygen (Oj) is prevented.

While longer oligomers bind similarly, regardless of esteri-
fication of their C-termini, the dimer does not. Hy chemical
shifts for A, appear in between those of the alanine monomer
and other alanine oligomers (Fig. 5). This could be indicative
of either structural or electronic changes localized at the
C-terminus of A,, leading to an increase of negative charge at
the -COOH moiety, resembling a deprotonated Ala monomer.
This would lead to an Ala-like catalyst binding pattern that is
governed by electrostatics and results in an 8-membered cycle.
However, experimental observation of A, NOE contacts (see
SI_NMRf) that are characteristic of the 5-membered cycle indi-
cate that full deprotonation of ~-COOH is unlikely. Instead,
theoretical simulations suggest the possibility of A, tail-to-tail
dimerization with a second A, molecule on top of bidentate
binding with the Ir-catalyst (Fig. 4d). In this configuration, the
C-terminus acquires partial carboxylate character according to
equilibrium bond length estimates at the double -COOH inter-
face. In addition, the second A, unit of the dimer probably
benefits from additional stabilizing interactions with the
remote parts of the iridium complex (see SI_DFTt). While the
possibility of such dimerization was also computationally

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

observed for A;, the relative proximity of the A, C-terminus to
the Ir-atom as compared with other alanine oligomer com-
plexes may explain the distinct chemical shifts of its corres-
ponding hydrides’ signals (Fig. 5).

Formation of equilibrium ax-eq complex

Experimental results for A; support the initial formation of
higher energy kinetic products, as suggested by DFT.
Monitoring the sample for an extended time showed that
hydride signals of eq-eq and mono slowly decrease while
those of ax-eq increase at typical 10 °C measurement con-
ditions. Keeping the sample at a relatively mild temperature of
a 37.5 °C water bath for 5 min, followed directly by nhPHIP
measurement at 10 °C, resulted in a 2.7-fold increase of ax-eq
hydride signals, while the eq-eq and mono configurations’
signals decreased (Fig. 6). The same procedure at a 50 °C water
bath resulted in a 7-to-9-fold ax-eq signal increase compared
to a non-heated sample, with those of higher energy complexes
barely detectable.

Repeated heating of the sample at the same temperature
did not increase ax-eq signals further, suggesting a thermo-
dynamic equilibrium had been reached (SI_nhPHIP Fig. S127).
The structure of the ax-eq complex, which exists as two dia-
stereomers, was characterized by 'H, COSY, NOESY, HSQC and
HMBC spectra (see SI_NMRT).

According to "H NMR, oligopeptides complex only partially
to the Ir-catalyst, whereas amino acids are almost entirely in a
bound form under equimolar concentrations.”® Bound-to-
unbound ratio of A; was approximately 50:50 at thermo-
dynamic equilibrium. This means that unlike for single amino
acids, the nhPHIP signals which correspond to oligopeptides
do not represent the whole analyte available in solution. Thus,
alanine oligomers’ binding efficiency is similar to
N-heterocycles, which typically bind to the catalyst partially.*®

Interestingly, the kinetically favored eq-eq configuration
was nhPHIP detectable for alanine oligomers (Fig. 5), unlike
for amino acids.”® The nhPHIP efficiency of this complex is
very high, since in thermally polarized measurements the
corresponding eq-eq signals were barely detectable. However,
these signals are less informative than the ax-eq signals,
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Fig. 6 nhPHIP H, signals of A; before heating (black), after heating at
37.5 °C for 5 min (orange), and after heating at 50 °C for additional
5 min (blue). ax—eq signals increase with heating, while the signals of
kinetic complex eq—eq decrease. Spectra recorded at 10 °C.

Analyst



Published on 26 September 2023. Downloaded by Tallinn University of Technology on 10/17/2023 8:44:22 AM.

Paper

which vary more in their chemical shifts among the tested oli-
gomers (SI_nhPHIP Fig. S117).

The thermodynamically favored A; ax-eq hydrides’ signals
were enhanced up to 38-fold (see SI_nhPHIP Fig. S13+) with
nhPHIP, corresponding to approx. 1400-fold reduction in NMR
measurement time. The relatively modest enhancement factor,
compared to what has been reported for small molecules,”
could be a property of the particular model compound. We
hypothesize that different nhPHIP efficiencies may emerge for
oligopeptides consisting of more diverse amino acid sequences
and there could be room for further nhPHIP system optimiz-
ation for particular applications.

Detecting short oligopeptides in human urine

Preliminary nhPHIP experiments on different functional oligo-
peptides, chosen to cover a range of potential applications,
showed that Hy and Hy signals resonate in the same spectral
region as for alanine oligomers (H, at —30.57 to —31.21 ppm
and Hy at —23 ppm, Fig. 7). Therefore, the method herein is
not limited to the chosen model compounds. Oligopeptides
consisting of various amino acids are detectable and it is likely
that similar oligopeptide-catalyst binding modes are involved.

It is known from nhPHIP of N-heterocycles that experi-
mental parameters need to be re-evaluated when analyzing
standard solutions* or same analytes in the complex matrix of
a biofluid."® Applying the urine sample preparation procedure
developed for urinary nucleosides by Ausmees et al. allowed
simultaneous observation of H, signals (Fig. 8) for several oli-
gopeptides (—30 ppm region) as well as for amino acids
(28 ppm region). The procedure involved raising the pH of
urine with sodium hydroxide, probably needed to counteract
the naturally acidic nature of urine, under which nitrogenous
analytes can be protonated.

FVAPFP / A\

YGGFL
|
GGYR J 7M

Fig. 7 nhPHIP H, 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 dis-
solved 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-d; 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.
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These results indicate that nhPHIP can be used for the
study of the peptidome of body fluids (peptidomics). This
emerging field of research currently relies on mass spec-
troscopy coupled with HPLC or CE, where extensive sample
preparation is needed to enrich short peptides over matrix
compounds.*® nhPHIP could be a relatively easy to implement
alternative that allows to conduct peptidomics by NMR.

Experimental
Chemicals and materials

Iridium catalyst complex precursor [Ir(Cl)(COD)(IMes)] and oli-
gopeptide esters were synthesized according to literature pro-
cedures, see SI_nhPHIP{ for details. Synthesized compounds
were characterized and validated by HR-MS and NMR.

NMR sample and experiment

The active nhPHIP catalyst [Ir(IMes)(H),(3-fluoro-4-methyl-
pyridine);]" was prepared in situ in a 5 mm intermediate
pressure valved NMR tube. The concentration of [Ir(Cl)(COD)
(IMes)] catalyst precursor was 1.2 mM and the concentration
of a cosubstrate 3-fluoro-4-methyl-pyridine was either 21.6 mM
or 9.6 mM, (details in SI_nhPHIPY) in the tube. The mixture
was pressurized under 5 bar of H,, shaken and left to react for
2 h before adding the methanolic oligopeptide solution. The
target concentration of an oligopeptide was either 0.1 mM or
1.0 mM in the tube. Total sample volume was 600 pL.
Solutions were prepared in methanol-d, or methanol-d;. The
pressure tube was connected to the nhPHIP setup and inserted
into an NMR spectrometer for measurements.”’ nhPHIP
experiments were carried out on an 800 MHz Bruker Avance IIT
spectrometer equipped with a room temperature inverse probe
or a cryogenically cooled probe. Hyperpolarized spectra were
recorded at 25 °C and 10 °C using the SEPP pulse sequence for
1D and zero-quantum COSY for 2D measurements. Spectra
were acquired similarly as described in ref. 21. A 500 MHz
Agilent DD2 spectrometer was used for quality control of
chemicals and synthesis products. Detailed descriptions of
experimental procedures can be found in SI_nhPHIP.}

Computational methods

Geometry optimizations of the nhPHIP complexes with
t-alanine and related oligopeptides were carried out using the
PBE**?’ density functional with D2°® empirical dispersion
correction in implicit methanol solvent within IEFPCM®°
approximation. LANL2DZ**™** basis set augmented with an
f-exponent of 0.9380, along with respective ECP, was used for
the Ir atom, while 6-311G(d,p)**** split-valence triple-zeta
basis with the standard set of polarization functions was
selected for atoms other than Ir. The similar computational
protocol yielded mean absolute deviation of approximately
1.0 keal mol™" for the Gibbs free energies of Ir-catalyzed reac-
tions.”> Subsequently, the harmonic normal mode analysis,
using the same level of theory, confirmed the true minima
nature of all optimized structures on respective potential

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 nhPHIP spectrum of a urine sample. Signal regions for amino acids and oligopeptides are annotated. Hx signals characteristic to oligopep-
tides appear in a distinct spectral region (around —30 ppm), whereas cosubstrate Hy signals are around —23 ppm, as expected for a hydride trans to
an N-heterocycle. Spectrum was acquired from a whole urine sample, prepared as described by Ausmees et al.,'> heated at 50 °C for 7.5 min and
recorded at 35 °C. nhPHIP sample consisted of 3.1 mM IrIMes catalyst, 63 mM 3F4MePy, and 30 pL of concentrated urine sample in a total sample

volume of 600 pL.

energy surfaces. Energy corrections due to thermal degrees of
freedom were evaluated at 298.15 K. For 1-alanine, alternative
single-point electronic energies were also calculated for
respective optimized structures using second-order Douglas-
Kroll-Hess scalar-relativistic Hamiltonian (DKH-2)**"*° and
the corresponding all-electron TZP-DKH® basis set on the Ir
atom while keeping all other parameters intact. Gaussian 16 °*
software package was used for all quantum chemical calcu-
lations. Further computational details are provided in
SI_DFT.¥

Conclusions

This work shows how underivatized alanine oligomer model
compounds (di- to hexamer) bind to the Ir-IMes catalyst and
give rise to sensitivity-enhanced nhPHIP signals. These signals
appear in a spectral region of —30 ppm and are clearly resolved
from the densely populated regular 'H signals between
0-10 ppm. Moreover, the unique chemical shifts allow to dis-
tinguish oligopeptides from other known classes of nhPHIP
analytes like amino acids and N-heterocyclic compounds in
complex biological mixtures.

Alanine oligopeptide nhPHIP-catalyst complexes were
studied by DFT calculations, revealing monodentate binding

This journal is © The Royal Society of Chemistry 2023

by oligopeptide N-terminus and three bidentate binding con-
figurations by simultaneous N- and O-binding in ax and eq
positions. The structures of catalyst complexes are oligomer-
specific and include either 5- or 8-membered cyclic structures,
which are stabilized by intramolecular hydrogen bonding. The
thermodynamically preferred 5-membered ax-eq complex of
an alanine di- and trimer was characterized by NMR.

These results give insight into how the versatile Ir-IMes
catalyst system, which has previously been used for detection
of low molecular weight metabolites, can be extended to
complex biological molecules with multiple binding sites.
While the full scope of the approach has not been explored yet
and extracting structural information about analytes from
nhPHIP signals remains challenging,”® the work herein lays
the basic concepts for expanding nhPHIP to biopolymers, e.g.,
for applications in non-residue specific short oligopeptides’
detection in complex biological mixtures, e.g., in urine.
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Abstract: Parahydrogen hyperpolarization has emerged as a promising tool for sensitivity-enhanced
NMR metabolomics. It allows resolution and quantification of NMR signals of certain classes of low-
abundance metabolites that would otherwise be undetectable. Applications have been implemented
in pharmacokinetics and doping drug detection, demonstrating the versatility of the technique. Yet,
in order for the method to be adopted by the analytical community, certain limitations have to be
understood and overcome. One such question is NMR signal assignment. At present, the only reliable
way to establish the identity of an analyte that gives rise to certain parahydrogen hyperpolarized
NMR signals is internal standard addition, which can be laborious. Herein we show that analogously
to regular NMR metabolomics, generating libraries of hyperpolarized analyte signals is a viable way
to address this limitation. We present hyperpolarized spectral data of adenosines and give an early
example of identifying them from a urine sample with the small library. Doing so, we verify the
detectability of a class of diagnostically valuable metabolites: adenosine and its derivatives, some of
which are cancer biomarkers, and some are central to cellular energy management (e.g., ATP).

Keywords: parahydrogen; NMR; hyperpolarization; metabolomics; signal assignment; adenosines

1. Introduction

Nuclear Magnetic Resonance spectroscopy (NMR) is among the most successful
analytical techniques for metabolomics research. NMR has found widespread application
in the field due to its high reproducibility, quantitative nature, and the ability to provide
relatively simple analyte identification by structural information embedded into NMR
signals or comparison with spectral databases [1]. These strengths have allowed NMR
metabolomics studies to be conducted in a vast array of research fields, ranging from
food science to medical research and biomarker discovery. Yet, all applications are limited
by the sensitivity of NMR, excluding the detection of a large and interesting part of the
metabolome that appears below the NMR limit of detection (LOD) [2].

Nuclear hyperpolarization techniques have been developed to increase NMR sensitiv-
ity by generating non-Boltzmann nuclear polarization, thereby boosting sensitivity [3]. Out
of several hyperpolarization techniques available, parahydrogen hyperpolarization has
lately garnered attention in the analysis of biological fluids. In particular, the parahydrogen
(pHy) hyperpolarized chemosensing technique [4] has been used for the study of various
biological mixtures such as flavor compounds in coffee extracts [4] and whiskey [5]. A
modification of the technique has been demonstrated to work in SPE extracts of human
urine [6] and in (almost) whole urine [7], allowing for the detection of endogenous urinary
metabolites below the LOD of regular NMR.

1.1. Parahydrogen Hyperpolarized Chemosensing

Instead of directly measuring NMR signals of analytes 1 (Figure 1), hyperpolarized
chemosensing relies on the ability of 1 to reversibly bind to an iridium-based catalyst 2.

Molecules 2022, 27, 802. https:/ /doi.org/10.3390/ molecules27030802
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Upon binding, complex 3 is formed that presents two pH; sourced hydride signals’ doublets
(Figure 1) at the —20 ... —30 ppm region. Chemical shifts of complex 3 hydride resonances
are characteristic to each analyte 1 and function as their chemosensors [4]. Intensities of
the hydride signals are up to 1000-fold enhanced [6] and the atypical detection region
allows for the separation of hyperpolarized dilute analyte signals from the more abundant
not-catalyst-interacting analytes. However, it also gives rise to three limitations: analyte
scope, quantification, and signal assignment.

(Analyte)
NH5

amtz

NH, Analyte

N N
-
¢ | N/),+mtz

Figure 1. The principle of chemosensing by pH-induced hyperpolarization [4]. Complexes 3 are
transient in nature, which is necessary for the incorporation of a new analyte and fresh pH,. Mes
denotes 1,3,5-trimethylphenyl group, known as mesityl group; mtz denotes 1-methyl-1,2,3-triazol.

Analyte scope of the method is limited by its chemoselectivity, making it less universal
than traditional NMR as it detects only analytes capable of binding to 2. Yet, chemoselectiv-
ity can also be viewed as a strength—the method enhances signals which would otherwise
be undetectable and enables the resolution of their hydride resonances in the atypical
—20... —30 ppm region instead of the crowded 0 ... 10 ppm region [4]. Furthermore, the
complexity of published hyperpolarized urine spectra [6-9] demonstrates that even the
catalyst’s limited chemical scope allows for the detection of large numbers of metabolites.
The list of known 2 binding analytes is growing and includes, on top of nitrogenous het-
eroaromatics, pyruvate [10], tagged oligopeptides [11,12], amino acids [13,14], nitriles [15],
and sulfur heteroaromatics [16], suggesting the chemoselectivity envelope is wide.

The method is not quantitative in the same way as traditional TH NMR, since multi-
pulse NMR detection schemes and analyte-specific complex 3 dissociation kinetics [17],
hydrogen exchange rate and relaxation [18] properties are involved. However, similarly
to regular 2D NMR [19], quantification can be achieved by analyte-specific calibration
curves [4-9,13]. When exact values are not necessary, concentrations can be estimated by
comparison of signals representing chemically similar analytes [13].

Signal assignment is arguably the most notable limitation hindering wider adoption
of the technique. Since hydride signals do not carry as much structural information as tra-
ditional NMR, the only reliable way of assigning signals has proven to be internal standard
addition [4,7,9]. The most practical pulse sequence for hyperpolarized chemosensing [6],
which can also be carried out as very fast experiments [20], resolves hydride signals (red in
Figure 1) according to their mutual zero quantum (ZQ) frequency in the indirect dimension
of 2D spectra. Signals of structurally similar analytes have been found to form linear
patterns in the 2D ZQ plots ([6] and Figure 2). These patterns aid identification [6,9] but the
physical explanation for their formation has not been described yet.

Notably, chemical shifts of hydride signals of different complexes 3 have proven to be
largely identical in methanolic urine samples and in simple methanol solutions [7]. Conse-
quently, it should be feasible to compile libraries of analyte signals, which could be applied
for signal assignment in complex samples. Herein we present our work on compiling
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the first such library by establishing a group of valuable metabolites, rationalizing their
interactions with a catalyst 2 and applying the small initial library to a biofluid derived
sample. We suggest this work presents a practical workflow for understanding complex
hyperpolarized spectra and for developing new applications.
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Figure 2. Hyperpolarized 2D ZQ spectra [6] of the adenosines’ library. Spectra of all compounds
have been recorded separately, referenced to nam signal (using —22.935 ppm for right hand hydride
signal [6]) and superimposed. For clarity, all hydride signals for a certain compound are presented
in the same color, although the doublet pairs are detected in opposite phase. All analytes (1a-1g)
present at least two clearly resolved signal pairs. The dominating signal of complex 2 (dotted line at
—21.74 ppm, see Figure S1 Supplementary Materials) was omitted from the spectra by convolution
filtering. See Figure S2 for hyperpolarized hydrides’ 1D spectra of all analytes and Table S1 for
chemical shifts of hydride signals.

1.2. Analytical Value of Adenosine Derivatives

Adenine, the nitrogenous base of adenosine, was among the first biological ana-
lytes detected by its iridium-bound derivative’s hydride signals [21], suggesting that the
study of its different modifications should be feasible. Adenosine has been hyperpo-
larized by 2 in a SABRE experiment [22], and adenosine detection by hyperpolarized
chemosensing has been demonstrated in urine SPE extracts [6] and minimally altered
urine [7]. In terms of (bio)analytical utility, the concentrations of adenosine and its methy-
lated derivatives in urine correlate to increased protein turnover in several pathological
processes [23], including tumors [24]. The urine of cancer patients is expected to contain
elevated concentrations of methylated adenosines [25], such as 1-methyladenosine 1b
(Table 1). N6-methyladenosine 1c and 2’-O-methyladenosine 1d have been suggested as
cancer biomarkers [26,27] that increase in correlation to tumor size [28]. Urinary concen-
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tration of these analytes is in the sub- to low-uM region [29], excluding their detection by
regular NMR and rendering them attractive targets for methodology development.

Table 1. Adenosines used in the study.

NHR
7 TSNR
{32
N
4
Analyte No Re1 R@é6 R@?2 R@5
Adenosine 1a H H H H
1-Methyladenosine * 1b CHj; H H H
6N-Methyladenosine 1c H CHj3 H H
2'-O-Methyladenosine 1d H H CHj H
AMP 1le H H H POsH
ADP 1f H H H PO3-PO3H
ATP 1g H H H PO;-PO;-POsH

* 1b likely adopts the neutral imino conformer structure in methanol (see Figure S4).

Phosphorylated adenosines (AMP, ADP, and ATP), on the other hand, form the central
pinnacle of cellular energy metabolism. While AMP and ADP are also present in urine
in low concentrations [29], the more attractive analytical utility of all three may lie in
bioenergetics research, uncovering the mechanisms of chemical energy production, and
utilization in healthy and malignant cells [30]. 31p NMR has traditionally been used for the
selective detection of such phosphometabolites in complex cellular extracts, but the lower
sensitivity of 3P NMR, in combination with the low concentrations of such analytes, has
required extensive acquisition times [31]. The detection and resolution of such analytes by
hyperpolarized chemosensing would present a further practical application.

2. Results
Building the Library

Our strategy consisted of recording the hyperpolarized hydride spectra of a series of
adenosine derivatives to confirm if the chemical modification of an analyte relatively far
away from its catalyst binding site would incur detectable differences on hydride chemical
shifts. Data acquired for this purpose would also comprise the initial small library that can
be used to assign signals in biological samples. According to Wood et al., adenine binds
iridium from its 1-, 3- and 9-positions [21] of the purine structure (see structure in Table 1).
It can be assumed that adenosine also binds 2 via its nitrogenous base. However, the
9-position is occupied by the ribose moiety in adenosine, leaving only two sites accessible.

The test system used for evaluating a series of adenosine derivatives 1a-1g (Table 1)
consisted of typical concentrations of the catalyst and cosubstrate (1.2 mM of 2, 18-fold
excess of mtz over iridium) [9], 100 uM of an analyte, and 20 uM of nicotinamide (nam). A
relatively high analyte concentration was chosen for the convenient detection of the analyte
in good SNR conditions and nam was used as the internal reference for hydride chemical
shifts. Adenosine 1a has been observed previously to give rise to four pairs of hydride
signals [6], which was also seen herein (Figures 2 and S2). Since the catalytic center of 2 is
prochiral, it forms two diastereomers upon coordination to a chiral analyte (see discussion
in SI of ref. [13]). As 1a has two possible binding sites, the expected number of hydride
signals is doubled, yielding four pairs of signals.
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The four pairs of hydride resonances of 1a complex were two- to three-fold less intense
than the signals corresponding to five-fold less concentrated nam (Figure S1), since 1a
is distributed among four diastereomeric complexes, whereas all of catalyst bound nam
(achiral, single binding site) contributes to a single pair of hydride signals. Moreover,
the detection conditions (e.g., 2 and mfz concentration, sample temperature) may be less
optimal for 1a as hyperpolarization efficiencies are likely to be different due to differences
in analyte and hydrogen exchange and relaxation parameters associated with either analyte.
Importantly, hydride signal integrals for analytes 1a-1d and 1e-1g were found to deviate
two-fold within the two groups of similar analytes (e.g., among 1a-1d and 1e-1g). Between
the groups, the largest signal 1a and weakest 1f deviated by five-fold. This suggests
that approximate quantification of similar adenosines can be carried out by comparing
their signals.

In comparison to 1a, the 2’-O-methylated 1d gave the most similar signal response,
yielding a pattern of four pairs of hydride signals that are slightly shifted (Figure 2).
This proves that modification of an analyte relatively far away from the binding site
manifests detectable influences on hydride signals. Although half of the hydride signals
corresponding to 1a and 1d partially overlap, others are well-resolved. N6-methylated 1c,
on the other hand, gives only two signal responses [6], presumably because N6-methylation
inhibits N1 binding due to added nearby steric bulk. Confirming the actual binding regimes,
however, remains the subject for future work.

N1-methylated 1b gives the most unexpected spectral pattern, which has also been
observed before [6,7]: it seems to give rise to just a single pair of hydride signals that are
noticeably shifted in the spectrum. These two signals, upon closer observation, have some
internal structure (Figure S3), suggesting that they may be due to two closely overlapping
diastereomers. That would explain the number of signals, since one of the catalyst binding
sites (N1) is blocked for 1b, but not their chemical shifts. It is known that N1-methylation
of adenine base [32,33] forces it to adopt a different tautomeric (imine) form (Figure S4) and
strongly affects its basicity [34]. We suggest this is the reason for the noticeable difference
of their catalyst complex hydride chemical shifts, although the exact active catalyst binding
site remains unknown.

In the bioenergetics application scenario, detection and resolution of adenosine, AMP,
ADP, and ATP is required. It was found that modification of adenosine with different
numbers of phosphate groups at its most distant 5'-O-position rendered all four resolvable
by their catalyst complex hydride signals. Unlike for 1a, two of the four diastereomeric
complex hydride signal pairs overlap totally for 1e (AMP; Figures 2 and S5) and partially
for 1f (ADP) and 1g (ATP; Figures 2 and S5). The same signals also overlap among all
three, but the other hydride signal pairs are well-resolved. Unlike for any other analyte,
1e signals were found to be of irregular shape on the 2D ZQ spectrum. This was caused
by a change in hydride signal chemical shifts during 2D acquisition (see comparison of
1D hydride spectra at sample preparation and 1.5 h later in Figure S6). Since nam signals
remain at the same frequency, we suggest that this change is not caused by processes
interfering with the catalyst or mtz, but may be the result of gradual deuteration of the
analyte during acquisition. A similar process was observed for pyridine by Sellies et al. [13]
with similar magnitude changes to the chemical shifts occurring (here 11.5 Hz for the
rightmost doublet).

3. Discussion

The acquired information can be used for signal assignment when hydride spectral
database is superimposed onto complex spectra of biofluids (Figure 3). That way, signals of
compounds in the database could be easily recognized. Herein, this was tested on a urine
SPE extract, which was prepared with an SPE protocol modified from previous work [8].
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Figure 3. Hyperpolarized 2D ZQ spectrum of urine SPE extract overlayed with spectra of (1a) (red)
and (1b) (beige), referenced to nam signal (using —22.935 ppm for right hand hydride signal [6]). All
hydride signals of the same analyte are presented in the same color, although the doublet pairs are
detected in opposite phase [6].

Since the protocol was directed toward the extraction of apolar to mildly polar analytes,
the detection of phosphonucleotides 1e, 1f, and 1g was not expected. The retention of
other tested analytes was possible, considering 1a-1c were identified by spiking in a
similarly prepared SPE extract [6]. Overlaying the database and the experimental spectrum
demonstrated an overlap of signals from 1a and 1b, whereas at the expected locations of 1c
and 1d, SNR was too weak to confirm the analytes.

The inability to detect 1c and 1d may have been caused by two factors. Firstly, the
particular urine sample was obtained from a healthy non-smoking volunteer without any
known underlying disease. The lack of medical conditions that are expected to increase
urinary methylated adenosine concentrations is likely to contribute to their low abundance
in the tested sample. There are alternative SPE procedures that would provide more
effective retention of adenosines by covalent bonding to the ribose cis-diol moiety [35], if
detection of the less abundant derivatives is desired.

Secondly, since the work was aimed toward verifying the resolution of the analytes
and confirming the applicability of the concept of libraries, maximum sensitivity was not a
priority. Consequently, all spectra were acquired with 50% pH, and without a cryoprobe,
which has been commonly applied in prior instances of hyperpolarized chemosensing in
urine samples [6-9,13]. A cryoprobe would further increase sensitivity by three- to four-
fold [36], while increasing pHj, enrichment to 100% would result in an additional threefold
increase [37]. Hence, an order of magnitude sensitivity increase would be available by
upgrading both the pH; source and the NMR probe.

All things considered, the ability to assign low-uM 1a and 1b on a room tempera-
ture probe by library overlap is a positive result that demonstrates the feasibility of the
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strategy. Moreover, measured chemical shifts of 1a, 1b, and 1c hydride signals coincide
with an earlier report [6], suggesting that such libraries would have universality over
different instrumentation and different SPE sample preparation procedures. Hereby we
have demonstrated the following concepts:

e pHj hyperpolarized chemosensing is remarkably sensitive to relatively small changes
in analyte structure, allowing for the resolution of series of structurally highly similar
metabolites, including closely related isomers (i.e., 1b, 1c, 1d).

e  Libraries (Table S1) can be built for the assignment of specific families of metabolites.
With a few exceptions (e.g., 1b), the observation of Sellies et al. [6] that signals of
similar analytes form linear patterns in the ZQ spectra holds.

e Libraries can be applied by a straightforward superposition of experimental and
database spectra.

e  The databases would have universality across different instruments, laboratories, and
variations in sample preparation procedures.

This work adds to the pH; hyperpolarization toolbox, presenting a strategy for under-
standing the complex hydride spectra from the parahydrogen hyperpolarized chemosens-
ing experiment. Building practical applications by using the spectral data provided herein,
and adding to this data, will be the focus of our future work.

4. Materials and Methods

NMR experiments were conducted at sample temperature of 25 °C on an 800 MHz
Bruker Avance III spectrometer equipped with a 5 mm TXI probe. Hyperpolarization
was carried out in 5 mm Norell S-5-500-IPV-7 pressure tubes with a previously described
hyperpolarization setup [9]. pH, was prepared in flow, as described previously [9]. Hy-
perpolarized 1D SEPP spectra (Figures S1-S3, S5 and S6) and hyperpolarized 2D ZQ
spectra (Figures 2 and 3) were acquired with previously published pulse sequences [6],
utilizing high power hard pulses and shaped reburp pulses that covered all signals of
interest. One-dimensional spectra were acquired in 64 scans. Two-dimensional data were
acquired in 320 increments over 2500 Hz in f;, except for 1b and urine SPE extract, for
which 512 increments were acquired over 3500 Hz spectral width. Two scans per increment
were acquired in all cases. Processing was done following earlier described principles [6,9]
with Mestrenova 14.2 software.

Waters Oasis HLB® 6 mL / 200 mg cartridges were used for solid phase extraction
(SPE). Methanol used to activate the cartridges was obtained from Honeywell Riedel-de
Haén™. Analytes were eluted with, and experiments were conducted in, methanol-d4
obtained from Deutero Gmbh. 1-methyladenosine was acquired from Cayman Chemicals.
Nicotinamide and adenosine were acquired from TCI Chemicals. N6-methyladenosine
and 2'-O-methyladenosine were acquired from Carbosynth. AMP, ADP, and ATP were
obtained from Sigma Aldrich. All chemicals were used as supplied. Catalyst 2 precursor
[Ir(CI)(COD)(Imes)] and cosubstrate 1-methyl-1,2,3-triazol (mtz) were synthesized in-house
by the same methods [6,7,9] as previously described.

1... 2mM stock solutions of all analytes in methanol-d4 were prepared gravimetrically.
NMR samples were prepared by adding 150 pL of 4.8 mM solution of [Ir(Cl)(COD)(Imes)],
13 uL of 1 M stock solution of mtz, and 37 uL of methanol-dy to a pressure tube, pressurizing
the sample under 5 bar of Hj, shaking the tube and allowing the catalyst to convert to its
active form 2 in 2 h. Then, appropriate amounts of analyte stock solutions and methanol-dy
were added to reach 1.2 mM concentration of 2, 20 uM of nam and 100 uM of the particular
analyte in 600 uL of total sample volume. The tube was connected to the hyperpolarization
setup [9] for NMR experiments.

A urine sample was collected from a healthy non-smoking volunteer as morning
first midstream urine and frozen at —80 °C. Prior to analysis, the sample was thawed
over a room temperature water bath, pH-adjusted to 8.0 with 1 M NaOH and centrifuged
for 12 min at 1825x g. SPE of the resulting urine sample was carried out by activating
the SPE cartridge with 5 mL of methanol, conditioning it with 3 mL of 10 mM pH 8.0



Molecules 2022, 27, 802 80of9

phosphate buffer., loading 5 mL of urine and eluting it by light nitrogen overpressure
above the cartridge (approx. 2-3 mL/min). The cartridge was washed with 3 mL of
10 mM pH 8.0 phosphate buffer and dried for 30 min with a nitrogen flow generated by
1 bar N overpressure above the cartridge. Finally, analytes were eluted by adding 1.2 mL
of methanol-d4, which yielded approximately 800 uL of extract. For hyperpolarization
experiments, 450 pL of the extract was mixed with the preactivated solution of 2 and mtz
(1.2 mM final concentration of 2, 18-fold excess of mtz).

Supplementary Materials: The following supporting information is available online, Figure S1: Hy-
perpolarized 1D hydride spectrum of adenosine 1a sample; Figure S2: Hyperpolarized 1D spectra of
the hydride spectral regions of the same samples as main text Figure 2; Figure S3: The structure of 1b
hydride signals; Figure S4: 1-Methyladenosine 1b neutral iminium tautomer; Figure S5: Comparison
of 1D hydride spectra of AMP (1e), ADP (1f) and ATP (1g); Figure S6: 1D hyperpolarized hydride
spectra of the same 1e containing sample within minutes from preparing the sample (red) and 1 h
later (black); Table S1: Library of hydride chemical shifts of complexes 3 for adenosine derivatives 1.
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ARTICLE INFO ABSTRACT

Keywords: Non-hydrogenative PHIP (nh-PHIP) is an NMR signal enhancement technique that offers several orders of

Biofluids magnitude gains in detection sensitivity. It is one of the few hyperpolarization methods that have been

Urine demonstrated to be applicable to chemical analysis of biological samples and potentially metabolomics. It is,

Metabolomics h hemoselective method and needs to be tuned to particular analyte and metabolite classes at a time.

NMR owever, a chemoselec p !

Parahydrogen Herein, we present a systematic study where we apply four nh-PHIP modifications to urine samples from two

Hyperpolarization different species — human and dog. Firstly, this allows to explore the whole analyte class scope and present what
information is nh-PHIP capable of providing by varying the composition of the nh-PHIP catalyst system and the
sample preparation protocol. Secondly, comparing hyperpolarized spectra from urines from different species
demonstrates that this hyperpolarization technique is robust and tolerant of possibly considerable matrix dif-
ferences: signals of the same metabolites appear at same chemical shifts from urines that differ from one-another
much more than is likely in a realistic metabolomics study. Thereby we propose the idea that nh-PHIP is ready for
application in metabolomics experiments.

Introduction enhancing '3C signals for quaternary carbon sites [9] and photo-CIDNP

The study of biofluids by metabolomics experiments is one of the
central ways to understand how the biochemistry of organisms operates
and responds to different conditions and inputs like disease, treatment,
environmental change, diet, etc. [1] Harnessing and understanding this
information is a challenge due to the size of the metabolome and its
diversity [2], both in terms of chemical nature and dynamic range of
concentrations. Therefore, metabolomics research is a very active area,
with new applications and methods being intensively developed [3].

NMR is one of the leading tools for metabolomics research [3], where
it excels in its analyte scope, but suffers from limited sensitivity. This has
been the motivation behind introduction of hyperpolarization (HP) to
biofluid NMR and metabolomics to broaden the accessible concentration
range [4]. Up to date, at least three different hyperpolarization tech-
niques have been successfully adapted to handle the complexity of a
human biofluid: dissolution-DNP (d-DNP) [5], photo-CIDNP [6] and
non-hydrogenative PHIP (nh-PHIP) [7]. Differences in the operating
principles of various HP methods [8] cause all to have distinctive per-
formance profiles and particular benefits for different application sce-
narios. In urine analysis for instance, d-DNP is most successful in
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has selectivity towards aromatic amino acids [6]. The recently reviewed
nh-PHIP technique [10] was initially developed for the detection
N-heterocyclic analytes [11][7], but has been expanded to amino acids
[12,13] and oligopeptides [14]. It is capable of accessing 30 nM analyte
concentrations if combined with sample preparation by solid phase
extraction (SPE) [15].

However, no HP method can be treated as a universal tool and an
understanding of their scope and robustness is required to be able to
select the optimal approach for a particular application. Herein we apply
several sample preparation and nh-PHIP catalyst system modifications
to the same specimens of human and canine urine, resulting in a qual-
itative demonstration of the type of information that is available from
nh-PHIP. These results constitute the first example of different nh-PHIP
modifications applied to the same samples, allowing to present the scope
of the method in urinary metabolome analysis and proving that nh-PHIP
tolerates considerable variations is sample matrix. This information can
be used to direct the choice of nh-PHIP methods when applying HP to
targeted or semi-untargeted NMR metabolomics.

2666-4410/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

ne-nd/4.0/).
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Samples and methods

Admittedly, human and canine urines are clearly different and being
able to tell them apart may carry only limited value. Obvious metab-
olome differences are to be expected, but urines from both still consist of
mostly the same metabolites [16]. We have previously shown that
nh-PHIP signals’ chemical shifts and intensities for nicotine and its
metabolites are reproduced to a very good degree in urines from
different human subjects [15]. However, considering the differences of
the two species under study, human and canine urine likely present
matrix differences and matrix effects that are substantially beyond what
was encountered in a study involving just one species. A demonstration
that nh-PHIP tolerates such differences and gives hyperpolarized signals
for each analyte at reproducible chemical shifts would prove its utility
and robustness in larger and more realistic metabolomics studies.
nh-PHIP is a chemoselective process based on coordination of analytes
to the hyperpolarization catalyst (Fig. 1). It cannot provide completely
untargeted analysis as the ability to coordinate to the catalyst will al-
ways provide a layer of analyte filtering. Still, its chemoselectivity can
be tuned towards different analyte classes (Table 1) by changing the
cosubstrate of the catalyst in a semi-untargeted experiment (methods
2-4), or it can be tailored to detect very specific analytes by targeted SPE
based sample preparation (method 1).

Method 1: targeted nh-PHIP of urinary N-heterocyclic compounds. Since
the Ir-N-heterocyclic carbene based nh-PHIP catalyst performs poorly in
high water content samples [22], all biofluid sample preparation ap-
proaches aim to reduce the water content in the NMR sample. One of the
best ways of achieving this in a targeted experiment is solid phase
extraction (SPE). It allows to enrich the sample in desired analytes while
changing the solvent from water to a more nh-PHIP favorable medium,
e.g., methanol [7] or chloroform [15]. We have used SPE to concentrate
specific low-abundance N-heterocyclic analytes like nicotine and its
metabolites [15] from urine, while removing components that interfere
with nh-PHIP heteroaromatics (e.g., amino acids and ammonia).

Method 2: semi-untargeted nh-PHIP of urinary N-heterocyclic com-
pounds. Attempts to broaden the analyte scope [21] showed that omit-
ting SPE is possible if water is replaced and the main nh-PHIP interfering
components in urine (ammonia and its source, urea) are removed by
other means . This yields more information rich HP NMR spectra,
retaining all non-volatile urine components that dissolve in the meth-
anolic nh-PHIP sample environment. However, since volatiles and
methanol-insoluble metabolites are lost and the spectrum still represents
mostly N-heterocycles, the “SPE-free” approach can be considered a

Fig. 1. Catalyst systems for different nh-PHIP modifications are synthesized in
situ in the NMR tube. Each analyte is detected by evaluating the chemical shifts
of the hyperpolarized hydride nuclei (highlighted in green). These signals are
very sensitive to the identity of the coordinating analyte and are usually 2...3-
orders of magnitude enhanced over regular NMR. Using the hydrides for
hyperpolarized detection for biologically relevant analytes was first suggested
almost 20 years ago [17] and later developed into a 2D hyperpolarized NMR
chemosensing technique [7,11]. a) For detecting N-hetrocyclic analytes
(Table 1, methods 1-2), the catalyst system consists of the iridium-based
catalyst (e.g., 1 mM) and an 18-fold excess (e.g., 18 mM) of a specific cosub-
strate 1-methyl-1,2,3-triazol. The catalyst forms transient complexes with
analytes; b) for detecting amino acids and oligopeptides (Table 1, methods
3-4), the cosubstrate is changed to pyridine (for amino acids) or 3-fluoro-4--
methyl pyridine (for oligopeptides). They form more stable bidentate com-
plexes with the catalyst by heating the sample prior to analysis.

Journal of Magnetic Resonance Open 21 (2024) 100171

Table 1

Modifications of the nh-PHIP experiment. All associated 1D spectra were ac-
quired with the SEPP sequence that refocuses PHIP derived antiphase signals
into in-phase doublets [18]. All 2D spectra were acquired with the nh-PHIP
hyperpolarized zero-quantum (ZQ) technique that resolves the hydride signals
according to their mutual ZQ frequency in the indirect domain [7]. Further
technical details for sample preparation and NMR methods are available in the
SL

Method  Selectivity Target Co-substrate References
mechanism compounds

1 SPE and catalyst Specific N- mtz [7,15,19,
coordination heteroaromatics 20]

2 Analyte General N- mtz [21]
solubility and heteroaromatics
catalyst
coordination

3 Analyte Amino acids pyridine [12]
solubility and
catalyst
coordination

4 Analyte Oligopeptides 3-fluoro-4- [14]
solubility and methylpyridine
catalyst

coordination

semi-untargeted modification of method 1. Importantly, whereas
methods 1, 2 and 4 yield samples that are stable for hours and can be
re-measured by nh-PHIP multiple times, method 2 can yield samples
with a significantly shorter lifetime.

Method 3: semi-untargeted nh-PHIP of amino acids. Analysis of amino
acids was achieved by the Tessari group in 2021, wherein a modification
of the nh-PHIP catalyst system cosubstrate component (Fig. 1, b) tuned it
towards detection of proteogenic amino acids [12]. If applied to the
same urines as methods 1 and 2, it allows to complement N-heterocyclic
metabolites with the amino acid profiles of the same biological material.
Most importantly, this approach requires no urine sample preparation.
Simply mixing a small amount of urine with a mixture containing the
nh-PHIP catalyst system results in a sample where the urinary ammonia
and urea do not pose a problem anymore.

Method 4: semi-untargeted nh-PHIP of oligopeptides. Finally, a further
modification of the procedure directs the detection profile towards oli-
gopeptides. Replacing the pyridine cosubstrate in method 3 with 3-flu-
oro-4-methylpyridine allows to detect both synthetic and natural
oligopeptides, but at its present state of the art it cannot be used to
characterize unknown oligopeptides.

Results and discussion

The first comparison of urines from both species was done in the N-
heterocycles detection regime (Fig. 2). Overlaying the spectra from
human and canine urines revealed that there are substantial amounts of
N-heterocyclic metabolites that overlap. This suggests that the matrix
effect differences in SPE extracts are fully tolerated by the nh-PHIP
catalyst system. The conclusion is that SPE-based sample treatment for
nh-PHIP can be used for comparing different urines without expecting
signal stability issues from matrix effects.

The nh-PHIP signal region that corresponds to pyrazine and adeno-
sine derivatives appears remarkably similar for the two species (Fig. 2,
line b). However, these spectra represent only two samples and no urine
concentration normalization was done. Therefore, similarities in signal
intensities may be accidental, but the emergence of the same signal
patterns in the adenosines’ region is logical as the same nucleosides are
expected to appear in both species. Overall, there seem to be more signal
responses from the human sample (Fig. 2, black), but identification of
such signals is beyond the scope of this work and would not necessarily
be important to metabolomics projects that aim for classification of
samples.

Even more N-heterocycle signal responses were obtained when SPE
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Fig. 2. 2D nh-PHIP spectra of dog (yellow) and human (black) urine SPE extracts. Both samples prepared and analyzed under identical conditions. Hydride reso-
nances of certain metabolite classes can be recognized from earlier publications: ‘a’ marks the usual locations for signals representing guanosine and imidazole
derivatives [7]; ‘b’ marks typical signal regions for pyrazines, adenosine and its derivatives [7,20]; ‘c’ marks pyridine derivatives, e.g., nicotinamide [7,20]. Chemical
shifts and the ZQ frequency of annotated hydride signals for nicotinamide (Nam) and 1-methyl adenosine (M1A) coincide with previously published database

values [20].

was omitted from sample preparation with Method 2 (Figure S1), but the
overall conclusions remained. While some metabolites still overlap, the
SPE-free approach also yields more analytes that seem to either be
specific to dog or at a significantly higher concentration in canine urine.
As a side-effect, this procedure also retains urinary amino acids, which
form significantly more stable bidentate complexes with the catalyst
(Fig. 1, b) [12], making it inaccessible to N-heterocycles. While this will,
in principle, allow simultaneous detection of amino acids and N-het-
erocyclic metabolites (Figure S2), the formation of amino acid com-
plexes with 1-methyl-1,2,3-triazol is slow and causes the sample to
change during measurement. We have circumvented this issue by
increasing the Ir-catalyst loading severalfold to retain sufficient N-het-
erocycle specific complex (Fig. 1, a), even in the presence of amino acids.
However, in practice this does not always yield stable samples, and the
practical sample lifetime is usually around 1-2 h

A similar trend repeats itself when the same samples are subjected to
the amino acids’ detection protocol (method 3) with pyridine as
cosubstrate (Fig. 1, b). Both urines present mostly overlapping amino
acid signals, albeit at different relative concentrations (Fig. 3). This is
the expected result since the main proteinogenic amino acids are uni-
versal across species. But also, a series of distinctive (suspected) amino
acid signals (dotted line in Fig. 3) were observed only in human urine.
These results suggest that nh-PHIP is also suitable for reliable evaluation
of amino acid profiles in different urines, yielding signals at the same
chemical shifts if same amino acids are present in both samples.

Finally, a modification of the amino acid detection protocol, wherein
the pyridine cosubstrate is replaced with 3-fluoro-4-methyl pyridine
[14], was tested on the oligopeptide profiles of the same urines (method
4, Fig. 4). The resulting oligopeptide signal spectrum is comparatively
weak both in terms of signal intensities and numbers of signals at the

typical hydride chemical shifts region for oligopeptides at around -30
ppm. We suggest that although nh-PHIP performance of these particular
urinary oligopeptides may not be optimal, there are very little oligo-
pepides in healthy subjects’ urines in the first place as they are hydro-
lyzed to amino acids and reabsorbed renally [23,24]. If more detailed
oligopetides’ nh-PHIP spectra are required, some form of analyte pre-
concentration is advised.

Detected oligopeptide signals were few enough to be mostly distin-
guishable by 1D nh-PHIP experiments, although 2D detection schemes
would be feasible as well. Importantly, most oligopeptide signals that
were detected in canine urine overlapped with same signals in human
sample, demonstrating that also oligopeptide detection is reliable across
very different urines. As a further note, the oligopeptide detection pro-
tocol also retains amino acid detection capability (Figure S3). The
overall amino acid signal intensities were very high, but due to the
change in cosubstrate (Fig. 1, b), the chemical shifts of the amino acid
containing complexes hydride signals are not compatible with the
database from Sellies et al. [12].

Conclusions

This contribution demonstrates that nh-PHIP can be used to compare
urines from considerably different origins. We acknowledge that the
sensitivity enhancement comes at a price in the available spectroscopic
information, since the hyperpolarized hydride signals (Fig. 1) carry very
limited direct structural information. Yet, the chemical shifts of these
signals in all explored spectral areas and analyte types are robust enough
for detecting the same analytes at the same chemical shifts and spotting
analytes that are unique to a particular sample. It has been demonstrated
that such signals can be assigned by internal standard spiking [7] or by
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N

adopted multi-omics approaches where different analytical modalities
are integrated in a single study [26]. In the same lines, we suggest that
all or some modifications of nh-PHIP can be used in future metabolomics
studies and integrated into a single dataset that may also include regular
NMR metabolomics and MS data. That way hyperpolarized NMR could
be used to expand the dynamic range of NMR detectable metabolites,
expanding its application scope.
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building a reference database [20]. Therefore, nh-PHIP is becoming a
mature enough method to be considered for practical metbolomics
research. It also presents the opportunity to quantify analytes [12,15,19,
21] by internal standard calibration. While this involves more steps than
regular NMR, it may still present a benefit over quantification in mass
spectrometry (MS) of biofluids, where isotopically labelled reference
standards are often required [25].

The spectra above demonstrate, how specific metabolite classes can
be resolved in urine samples by applying different nh-PHIP modifica-
tions that have not been directly compared before. Although such
comparison results in different datasets for different analyte classes, it is
not necessarily a problem as the metabolomics community has already
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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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	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.
	/
	(13)
	 /
	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). 
	/
	(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:
	/
	/
	(28)
	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
	3.1 Quantification and Identification of Analytes in Human Urine (Publication I)
	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.
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	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.
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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.
	/
	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).
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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.
	/
	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.
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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 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). 
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	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.
	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.
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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.
	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.
	/
	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. 
	List of Figures
	Figure 1. The nuclear magnetic dipole moment μ is determined by the nuclear spin angular momentum 𝑰 and nucleus specific gyromagnetic ratio 𝛾. 11
	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. 13
	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. 14
	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. 15
	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. 16
	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. 17
	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. 18
	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. 19
	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. 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. 21
	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. 21
	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. 22
	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. 23
	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. 24
	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. 25
	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. 26
	Figure 17. The pulse program scheme used for 2D zero-quantum (ZQ) experiments. 27
	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 34
	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. 35
	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. 36
	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. 37
	Figure 22. Flowchart of the SPE procedure. 38
	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. 39
	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. 40
	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. 41
	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. 42
	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. 43
	Figure 28. Flowchart for the urine sample preparation procedure for the untargeted approach. 44
	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. 45
	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. 47
	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. 48
	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). 48
	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. 50
	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. 51
	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. 52
	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
	References
	(1)  Levitt, M. H. Spin Dynamics. Basics of Nuclear Magnetic Resonance; John Wiley & Sons Ltd, 2015.
	(2)  Keeler, J. Understanding NMR Spectroscopy; John Wiley & Sons Ltd, 2010.
	(3)  Eills, J.; Budker, D.; Cavagnero, S.; Chekmenev, E. Y.; Elliott, S. J.; Jannin, S.; Lesage, A.; Matysik, J.; Meersmann, T.; Prisner, T.; Reimer, J. A.; Yang, H.; Koptyug, I. V. Spin Hyperpolarization in Modern Magnetic Resonance. Chem. Rev. 2023, 123 (4), 1417–1551.
	(4)  Slichter, C. P. The Discovery and Renaissance of Dynamic Nuclear Polarization. Reports Prog. Phys. 2014, 77. https://doi.org/10.1088/0034-4885/77/7/072501.
	(5)  Ardenkjær-Larsen, J. H.; Fridlund, B.; Gram, A.; Hansson, G.; Hansson, L.; Lerche, M. H.; Servin, R.; Thaning, M.; Golman, K. Increase in Signal-to-Noise Ratio of >10,000 Times in Liquid-State NMR. Proc. Natl. Acad. Sci. U. S. A. 2003, 100 (18), 10158–10163. https://doi.org/10.1073/pnas.1733835100.
	(6)  Jähnig, F.; Kwiatkowski, G.; Ernst, M. Conceptual and Instrumental Progress in Dissolution DNP. J. Magn. Reson. 2016, 264, 22–29. https://doi.org/10.1016/J.JMR.2015.12.024.
	(7)  Kress, T.; Che, K.; Epasto, L. M.; Kozak, F.; Negroni, M.; Olsen, G. L.; Selimovic, A.; Kurzbach, D. A Novel Sample Handling System for Dissolution Dynamic Nuclear Polarization Experiments. Magn. Reson. 2021, 2 (1), 387–394. https://doi.org/10.5194/MR-2-387-2021.
	(8)  Dey, A.; Charrier, B.; Ribay, V.; Dumez, J.-N.; Giraudeau, P. Hyperpolarized 1 H and 13 C NMR Spectroscopy in a Single Experiment for Metabolomics. Anal. Chem 2023, 95, 16861–16867. https://doi.org/10.1021/acs.analchem.3c02614.
	(9)  Jannin, S.; Dumez, J.-N. N.; Giraudeau, P.; Kurzbach, D. Application and Methodology of Dissolution Dynamic Nuclear Polarization in Physical, Chemical and Biological Contexts. J. Magn. Reson. 2019, 305, 41–50. https://doi.org/10.1016/j.jmr.2019.06.001.
	(10)  Ardenkjaer-Larsen, J. H. Introduction to Dissolution DNP: Overview, Instrumentation, and Human Applications. eMagRes. Blackwell Publishing Ltd 2018, pp 63–78. https://doi.org/10.1002/9780470034590.emrstm1549.
	(11)  Elliott, S. J.; Stern, Q.; Ceillier, M.; Daraï, T. El; Cousin, S. F.; Cala, O.; Jannin, S. Practical Dissolution Dynamic Nuclear Polarization. https://doi.org/10.1016/j.pnmrs.2021.04.002.
	(12)  Bowers, C. R.; Weitekamp, D. P. Transformation of Symmetrization Order to Nuclear-Spin Magnetization by Chemical Reaction and Nuclear Magnetic Resonance. Phys. Rev. Lett. 1986, 57 (21), 2645–2648.
	(13)  Bowers, C. R.; Weitekamp, D. P. Parahydrogen and Synthesis Allow Dramatically Enhanced Nuclear Alignment. J. Am. Chem. Soc. 1987, 109 (18), 5541–5542.
	(14)  Eisenschmid, T. C.; Kirss, R. U.; Deutsch, P. P.; Hommeltoft, S. I.; Eisenberg, R.; Bargon, J.; Lawler, R. G.; Balch, A. L. Para Hydrogen Induced Polarization in Hydrogenation Reactions. J. Am. Chem. Soc. 1987, 109 (26), 8089–8091. https://doi.org/10.1021/ja00260a026.
	(15)  Jeong, K.; Min, S.; Chae, H.; Namgoong, S. K. Detecting Low Concentrations of Unsaturated C-C Bonds by Parahydrogen-Induced Polarization Using an Efficient Home-Built Parahydrogen Generator. Magn. Reson. Chem. 2018, 56 (11), 1089–1093. https://doi.org/10.1002/mrc.4756.
	(16)  Nikolaou, P.; Goodson, B. M.; Chekmenev, E. Y. NMR Hyperpolarization Techniques for Biomedicine. Chem. - A Eur. J. 2015, 21 (8), 3156–3166. https://doi.org/10.1002/chem.201405253.
	(17)  Pravica, M. G.; Weitekamp, D. P. Net NMR Alignment by Adiabatic Transport of Parahydrogen Addition Products to High Magnetic Field. Chem. Phys. Lett. 1988, 145 (4), 255–258. https://doi.org/https://doi.org/10.1016/0009-2614(88)80002-2.
	(18)  Adams, R. W.; Aguilar, J. A.; Atkinson, K. D.; Cowley, M. J.; Elliott, P. I. P.; Duckett, S. B.; Green, G. G. R.; Khazal, I. G.; López-Serrano, J.; Williamson, D. C. Reversible Interactions with Para-Hydrogen Enhance NMR Sensitivity by Polarization Transfer. Science (80-. ). 2009, 323 (5922), 1708–1711.
	(19)  Barskiy, D. A.; Knecht, S.; Yurkovskaya, A. V.; Ivanov, K. L. SABRE: Chemical Kinetics and Spin Dynamics of the Formation of Hyperpolarization. Prog. Nucl. Magn. Reson. Spectrosc. 2019, 114–115, 33–70. https://doi.org/10.1016/j.pnmrs.2019.05.005.
	(20)  Vaneeckhaute, E.; Tyburn, J.-M.; Kempf, J. G.; Martens, J. A.; Breynaert, E.; Vaneeckhaute, E.; Martens, J. A.; Breynaert, E. Reversible Parahydrogen Induced Hyperpolarization of 15 N in Unmodified Amino Acids Unraveled at High Magnetic Field. 2023. https://doi.org/10.1002/advs.202207112.
	(21)  Cowley, M. J.; Adams, R. W.; Atkinson, K. D.; Cockett, M. C. R.; Duckett, S. B.; Green, G. G. R.; Lohman, J. A. B.; Kerssebaum, R.; Kilgour, D.; Mewis, R. E. Iridium N-Heterocyclic Carbene Complexes as Efficient Catalysts for Magnetization Transfer from Para-Hydrogen. J. Am. Chem. Soc. 2011, 133 (16), 6134–6137. https://doi.org/10.1021/ja200299u.
	(22)  Eshuis, N.; Hermkens, N.; van Weerdenburg, B. J. A.; Feiters, M. C.; Rutjes, F. P. J. T.; Wijmenga, S. S.; Tessari, M. Toward Nanomolar Detection by NMR through SABRE Hyperpolarization. J. Am. Chem. Soc. 2014, 136 (7), 2695–2698.
	(23)  Fraser, R.; Rutjes, F. P. J. T.; Feiters, M. C.; Tessari, M. Analysis of Complex Mixtures by Chemosensing NMR Using Para-Hydrogen-Induced Hyperpolarization. Acc. Chem. Res. 2022, 55 (13), 1832–1844. https://doi.org/10.1021/acs.accounts.1c00796.
	(24)  Eshuis, N.; Aspers, R. L. E. G.; van Weerdenburg, B. J. A.; Feiters, M. C.; Rutjes, F. P. J. T.; Wijmenga, S. S.; Tessari, M. 2D NMR Trace Analysis by Continuous Hyperpolarization at High Magnetic Field. Angew. Chemie Int. Ed. 2015, 54 (48), 14527–14530.
	(25)  Sellies, L.; Reile, I.; Aspers, R. L. E. G.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M. Parahydrogen Induced Hyperpolarization Provides a Tool for NMR Metabolomics at Nanomolar Concentrations. Chem. Commun. 2019, 55 (50), 7235–7238. https://doi.org/10.1039/C9CC02186H.
	(26)  Hermkens, N. K. J. J.; Eshuis, N.; van Weerdenburg, B. J. A. A.; Feiters, M. C.; Rutjes, F. P. J. T. J. T.; Wijmenga, S. S.; Tessari, M. NMR-Based Chemosensing via p -H2 Hyperpolarization: Application to Natural Extracts. Anal. Chem. 2016, 88 (6), 3406–3412. https://doi.org/10.1021/ACS.ANALCHEM.6B00184/SUPPL_FILE/AC6B00184_SI_001.PDF.
	(27)  Hermkens, N. K. J.; Aspers, R. L. E. G.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M. Trace Analysis in Water-Alcohol Mixtures by Continuous p-H2 Hyperpolarization at High Magnetic Field. Magn. Reson. Chem. 2018, 56 (7), 633–640. https://doi.org/10.1002/MRC.4692.
	(28)  Iali, W.; Roy, S. S.; Tickner, B. J.; Ahwal, F.; Kennerley, A. J.; Duckett, S. B. Hyperpolarising Pyruvate through Signal Amplification by Reversible Exchange (SABRE). Angew. Chemie Int. Ed. 2019, 58 (30), 10271–10275. https://doi.org/10.1002/ANIE.201905483.
	(29)  Sellies, L.; Aspers, R. L. E. G.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M. Para-Hydrogen Hyperpolarization Allows Direct NMR Detection of α-Amino Acids in Complex (Bio)Mixtures. Angew. Chemie Int. Ed. 2021, 60 (52), 26954–26959. https://doi.org/10.1002/ANIE.202109588.
	(30)  Sleigh, C. J.; Duckett, S. B.; Messerle, B. A. NMR Studies on Ligand Exchange at [IrH2Cl(CO)(PPh3)2] and [IrH2Cl(PPh3)3] by Para-Hydrogen Induced Polarisation. Chem. Commun. 1996, No. 21, 2395–2396. https://doi.org/10.1039/CC9960002395.
	(31)  Tickner, B. J.; Lewis, J. S.; John, R. O.; Whitwood, A. C.; Duckett, S. B. Mechanistic Insight into Novel Sulfoxide Containing SABRE Polarisation Transfer Catalysts. Dalt. Trans. 2019, 48 (40), 15198–15206. https://doi.org/10.1039/C9DT02951F.
	(32)  Eshuis, N.; van Weerdenburg, B. J. A.; Feiters, M. C.; Rutjes, F. P. J. T.; Wijmenga, S. S.; Tessari, M. Quantitative Trace Analysis of Complex Mixtures Using SABRE Hyperpolarization. Angew. Chemie Int. Ed. 2015, 54 (5), 1481–1484. https://doi.org/10.1002/anie.201409795.
	(33)  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.
	(34)  Sellies, L.; E G Aspers, R. L.; Tessari, M. Determination of Hydrogen Exchange and Relaxation Parameters in PHIP Complexes at Micromolar Concentrations. Magn. Reson. 2021, 2 (1), 331–340. https://doi.org/10.5194/mr-2-331-2021.
	(35)  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.
	(36)  Dreisewerd, L.; Aspers, R. L. E. G.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M. NMR Discrimination of D- and l-α-Amino Acids at Submicromolar Concentration via Parahydrogen-Induced Hyperpolarization. J. Am. Chem. Soc. 2023. https://doi.org/10.1021/JACS.2C11285.
	(37)  Zektzer, A. S.; Martin, G. E. Proton Zero Quantum Two-Dimensional NMR Spectroscopy: An Alternative to Proton Double Quantum Inadequate for Mapping Complex Proton Spin Systems of Natural Products. J. Nat. Prod. 1987, 50 (3), 455–462. https://doi.org/10.1021/NP50051A018.
	(38)  Stevanato, G.; Ding, Y.; Mamone, S.; Jagtap, A. P.; Korchak, S.; Glöggler, S. Real-Time Pyruvate Chemical Conversion Monitoring Enabled by PHIP. J. Am. Chem. Soc 2023, 145, 5864–5871. https://doi.org/10.1021/jacs.2c13198.
	(39)  Reile, I.; Eshuis, N.; Hermkens, N. K. J.; van Weerdenburg, B. J. A.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M.; Weerdenburg, B.; Feiters, M. C.; Rutjes, F. P. J. T.; Tessari, M. NMR Detection in Biofluid Extracts at Sub-UM Concentrations via Para-H2 Induced Hyperpolarization. Analyst 2016, 141 (13), 4001–4005. https://doi.org/10.1039/C6AN00804F.
	(40)  Dumez, J.-N.; Milani, J.; Vuichoud, B.; Bornet, A.; Lalande-Martin, J.; Tea, I.; Yon, M.; Maucourt, M.; Deborde, C.; Moing, A.; Frydman, L.; Bodenhausen, G.; Jannin, S.; Giraudeau, P. Hyperpolarized NMR of Plant and Cancer Cell Extracts at Natural Abundance. Analyst 2015, 140 (17), 5860–5863. https://doi.org/10.1039/C5AN01203A.
	(41)  Frahm, A. B.; Hill, D.; Katsikis, S.; Andreassen, T.; Ardenkjær-Larsen, J. H.; Bathen, T. F.; Moestue, S. A.; Jensen, P. R.; Lerche, M. H. Classification and Biomarker Identification of Prostate Tissue from TRAMP Mice with Hyperpolarized 13C-SIRA. Talanta 2021, 235, 122812. https://doi.org/10.1016/J.TALANTA.2021.122812.
	(42)  Frahm, A. B.; Jensen, P. R.; Ardenkjær-Larsen, J. H.; Yigit, D.; Lerche, M. H. Stable Isotope Resolved Metabolomics Classification of Prostate Cancer Cells Using Hyperpolarized NMR Data. J. Magn. Reson. 2020, 316, 106750. https://doi.org/10.1016/J.JMR.2020.106750.
	(43)  Dey, A.; Charrier, B.; Martineau, E.; Deborde, C.; Gandriau, E.; Moing, A.; Jacob, D.; Eshchenko, D.; Schnell, M.; Melzi, R.; Kurzbach, D.; Ceillier, M.; Chappuis, Q.; Cousin, S. F.; Kempf, J. G.; Jannin, S.; Dumez, J.-N.; Giraudeau, P. Hyperpolarized NMR Metabolomics at Natural 13C Abundance. Anal. Chem. 2020, 92 (22), 14867–14871. https://doi.org/10.1021/acs.analchem.0c03510.
	(44)  Ribay, V.; Dey, A.; Charrier, B.; Praud, C.; Mandral, J.; Dumez, J. N.; Letertre, M. P. M.; Giraudeau, P. Hyperpolarized 13C NMR Spectroscopy of Urine Samples at Natural Abundance by Quantitative Dissolution Dynamic Nuclear Polarization. Angew. Chemie - Int. Ed. 2023, 62 (27). https://doi.org/10.1002/ANIE.202302110.
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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.
	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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