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Abstract

Magnetic Resonance Imaging (MRI) offers a unique, non-invasive window into molecular
processes, allowing the visualization and quantification of biomolecular interactions under
physiologically relevant, aqueous conditions without chemical modification or immobiliza-
tion of the binding partners. Because protein binding pockets remain freely accessible and
no steric perturbations are introduced, MR-based approaches enable the direct observation
of binding dynamics that are essential for understanding and optimizing drug-target
interactions.

In contrast to many optical or surface-based analytical platforms, magnetic resonance
(MR) techniques do not require fluorescent or affinity labels, nor do they depend on
coupling proteins or ligands to solid supports, both of which can alter native binding
behavior. A key advantage is the ability to detect very small molecular fragments, which
typically bind only weakly but represent highly valuable starting points in fragment-
based drug discovery (FBDD). Under purely aqueous, near-physiological conditions, MR
therefore provides chemically unperturbed readouts of ligand binding, selectivity, and
competition.

Despite these strengths, conventional MR assays are limited to the sequential acquisition
of individual samples. Each sample requires an independent spectral measurement, the
duration of which is strongly influenced by the relaxation and diffusion properties of
the ligand under investigation. This inherently low throughput restricts the number of
candidates that can be evaluated per day. Early-stage drug discovery, in contrast, demands
the efficient screening (high-throughput screening, HTS) of large and chemically diverse
ligand libraries to identify promising lead candidates.

To address biochemical questions reliably, such as detecting binding, assessing selectivity,
comparing competitors, or ranking their affinities, analytical methods must combine speed
with comprehensive readouts across many candidates in parallel. High-throughput assay
formats are therefore indispensable for the rapid interrogation of thousands of potential
small-molecule binders. The intrinsically low throughput of conventional MR workflows
poses a fundamental bottleneck: scaling such assays to the million-compound libraries
common in industrial pipelines would require years to decades of continuous measurement.

Addressing this limitation, the first part of this thesis harnesses MRI’s inherent spatial
encoding to interrogate many independent reaction volumes in parallel. Using custom
miniaturized sample holders that organize discrete microvolumes within the imaging field
of view, MRI is transformed into a high-content screening modality in which each voxel
represents an individual microreactor. This voxel-level parallelization enables the acqui-
sition of hundreds of protein-ligand binding experiments within a single measurement.
High-throughput MRI (HiT-MRI) thereby provides not only parallelized data acquisition
but also access to multiple quantitative parameters supporting robust hit identification
and validation.



In this work, we establish a F-MRI platform for spatially parallelized quantification of
protein-ligand interactions using spin-echo-based pulse sequences. Multi-slice multi-echo
(MSME) and rapid acquisition with relaxation enhancement (RARE) experiments were
implemented to obtain transverse relaxation(T;)-weighted MR images, from which the
apparent relaxation rate (R;) was derived voxel-wise. The spin-echo principle inherently
suppresses susceptibility-induced artifacts and isolates the pure T,-decay component,
providing reliable, quantitative contrast. It enables the extraction of molecular relaxation
dynamics directly sensitive to ligand—protein binding equilibria.

For small fluorinated ligands such as 4-(trifluoromethyl)benzamidine (TFBA), exchange
between free and bound states occurs in the fast-exchange regime on the MR timescale
(ms—ps). Consequently, the observed R; reflects a population-weighted average of con-
tributions from free ligand, and bound complex states. Therefore, changes in R, of the
fluorinated reporter ligand report on equilibrium shifts induced by protein concentration
or by competitive displacement. In such competitive binding experiments, non-fluorinated
competitor ligands (drug candidates) displace the fluorinated reporters from the protein
binding pockets, resulting in measurable recovery of their '’F-signal. Apparent dissociation
constants (K¢) can thus be extracted from each voxel from dose-dependent *F-T;-weighted
images. Based on this methodology on the TFBA-trypsin model system, we have demon-
strated the °F-T;-experiments in the second part of the thesis using a capillary-based
microarray containing nine parallel samples. This proof of concept provided direct binding
and affinity readouts for the benzamidine competitor ligand within a single MR scan. The
platform was subsequently scaled to a 3D-printed honeycomb sample holder comprising
61 individually addressable cells, each forming a discrete micro-experiment. This config-
uration enabled the simultaneous screening of 55 compounds in a single measurement,
extending the accessible affinity range toward weaker competitors (K¢ in mM scale).

The platform was subsequently scaled to a 3D-printed honeycomb sample holder in
the third part of the work, comprising 61 individually addressable cells, each forming a
discrete micro-experiment. This configuration enabled the simultaneous screening of 55
compounds in a single measurement, extending the accessible affinity range toward weaker
competitors (K¢ in mM scale). , Here, we also examined spatial resolution constraints
inherent to MRIL Accurate '’F-T, quantification in the capillary and honeycomb formats
requires sufficiently small voxels to localize individual microexperiments while preserving
signal-to-noise ratio. Higher spatial resolutions, however, inevitably increase measurement
time. To overcome this trade-off, we implemented a compressed sensing (CS) reconstruc-
tion scheme exploiting sparsity in k-space. By undersampling k-space while maintaining
quantitative accuracy in K¢ determination, total acquisition times were significantly re-
duced without loss of analytical precision. The transfer of the reproducibility of this ligand
screening methodology from the well-studied trypsin protein to a complex protein target,
phosphopantetheine adenylyltransferase (PPAT), was successfully implemented.

In the final chapter, gadolinium-based paramagnetic contrast agents (Magnevist and
gadolinium chloride) were introduced to further accelerate relaxation-weighted imag-
ing. Their presence shortens both T; and T,-relaxation time, enabling faster scans. The
combination of contrast agent Magnevist, advanced undersampling strategy of CS, and
miniaturized sample geometries using the honeycomb cell array establishes a powerful
route toward genuinely high-throughput MR-based screening.
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In summary, this work demonstrates a scalable, quantitative, and spatially multiplexed
YF-MRI framework for the direct visualization of protein-ligand binding and competition
dynamics. By integrating spin-echo-based imaging, compressed sensing acceleration,
and microstructured 3D-printed sample arrays, MRI is transformed from a purely diag-
nostic modality into a molecular screening tool. The approach bridges molecular-level
sensitivity with imaging-based parallelization, opening a path toward rapid and reliable
drug-candidate validation through simultaneous extraction of drug-related relaxation and
binding affinity parameters within a single MR experiment.
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Zusammenfassung

Die Magnetresonanztomographie (MRI) er6ffnet ein einzigartiges, nicht-invasives Fenster
in molekulare Prozesse und erméglicht die Visualisierung von Biomolekiilinteraktionen
unter physiologisch relevanten, wiassrigen Bedingungen, ohne dass chemische Modifika-
tionen oder Immobilisierungsschritte erforderlich sind. Dadurch bleiben Proteinbindungs-
taschen frei zuganglich und sterische Stérungen werden vermieden, was eine quantitative
Erfassung der Bindungsdynamik erlaubt, die fiir die Arzneimittelentdeckung von zentraler
Bedeutung ist.

Im Gegensatz zu vielen optischen oder oberflichenbasierten Methoden miissen die
Bindungspartner bei magnetresonanzbasierten (MR) Techniken nicht an feste Oberfldchen
gekoppelt werden und benétigen keine fluoreszenten oder sonstigen Markierungen, die die
natiirlichen Bindungseigenschaften verandern konnten. Ein besonderer Vorteil liegt in der
Fahigkeit der MR, auch sehr kleine Molekiilfragmente detektieren zu konnen, die aufgrund
ihrer geringen Grofie oft nur schwach an Proteine binden - ein entscheidender Aspekt
im fragmentbasierten Wirkstoftdesign (fragment-based drug discovery, FBDD). Unter voll-
standig wassrigen, nahezu physiologischen Bedingungen liefert MR damit ungestorte
Informationen iiber Bindung, Selektivitdt und Konkurrenzverhalten kleiner Molekiile.

Trotz dieser Vorteile sind konventionelle MR-Assays durch die instrumentelle Um-
setzung bislang auf die sequentielle Messung einzelner Proben beschrankt. Jede Probe
erfordert eine separate spektrale Akquisition, deren Dauer stark von den Relaxations-
und Diffusionseigenschaften des untersuchten Liganden abhingt. Diese inhédrente Be-
schrankung fiihrt zu einem niedrigen Probendurchsatz. In der frithen Phase der Wirk-
stoffforschung hingegen miissen analytische Methoden nicht nur zuverlassig Bindung
nachweisen, Selektivitat beurteilen, Konkurrenten vergleichen oder deren Affinitdten
einordnen, sondern dies auch schnell und parallel fiir viele Kandidaten leisten.

Hochdurchsatz-Formate (high throughput screening, HTS) sind daher unerlésslich, um
in kurzer Zeit tausende potenzielle niedermolekulare Binder untersuchen zu kdnnen. Die
geringe Durchsatzrate herkommlicher MR-basierter Assays stellt hierbei einen funda-
mentalen Engpass dar: Wiirde man mit klassischer NMR versuchen, die millionenfachen
Substanzen industrieller Screening-Bibliotheken zu messen, wiirden hierfiir aufgrund der
sequentiellen Messweise Jahre bis Jahrzehnte kontinuierlicher Experimente benétigt.

Der erste Teil dieser Arbeit adressiert diese Herausforderungen, indem die inhérente
raumliche Kodierung der MRI genutzt wird, um zahlreiche unabhéngige Experimente
simultan unter ein MR Scan auszulesen. Durch mafigeschneiderte, miniaturisierte Pro-
benhalter, die diskrete Mikrovolumina innerhalb des Bildfeldes strukturieren, lasst sich
die MRI zu einer hochparallelen Screening-Technologie weiterentwickeln. Jedes Voxel
fungiert dabei als eigener ,Mikroreaktor®. Diese voxelbasierte Parallelisierung ermoglicht
die Durchfithrung dutzender Protein-Ligand-Bindungsexperimente innerhalb einer einzi-
gen Messung. Das resultierende High-Throughput MRI (HiT-MRI)-Format erlaubt nicht



nur eine stark beschleunigte Datenerfassung, sondern liefert gleichzeitig quantitative
Parameter, die eine robuste Hit-Identifikation und -Validierung unterstiitzen.

Im zweiten Teil der Arbeit wird eine °F-MRI-Plattform zur raumlich parallelisierten
Quantifizierung von Protein-Ligand-Wechselwirkungen etabliert. Hierzu kommen Spin-
Echo-basierte Pulssequenzen, Multi-Slice Multi-Echo (MSME) und Rapid Acquisition with
Relaxation Enhancement (RARE) zum Einsatz. Diese ermoglichen die Aufnahme transver-
sal relaxationsgewichteter (T;) MR-Bilder, aus denen die apparente Relaxationsrate (R;)
voxelweise bestimmt wird. Das Spin-Echo-Prinzip kompensiert magnetfeldinhomogeni-
tatsbedingte Dephasierungen und isoliert die reine T,-Relaxation, wodurch ein stabiler
und quantitativer Bildkontrast gewahrleistet wird. Dies erlaubt die Erfassung molekula-
rer Relaxationsdynamiken, die unmittelbar auf Anderungen des Bindungsgleichgewichts
zwischen Proteine und Liganden reagieren.

Fiir kleine fluorierte Reporterliganden wie 4-(trifluormethyl)benzamidin (TFBA) erfolgt
der Austausch zwischen freiem und gebundenem Zustand auf der MR-Zeitskala im schnel-
len Austauschregime (im Bereich ms—ps). Das beobachtete transversale Relaxationszeit
Rgbs stellt daher einen populationsgewichteten Mittelwert der Relaxationsraten des freien
Liganden und des Protein-Ligand-Komplexes dar.

Anderungen von R, spiegeln Bindungsverschiebungen wider, die durch nicht-fluorierte
kompetitive Inhibition des Reporterliganden ausgelost werden. Die resultierende Signaler-
holung von dem Reporterligand im F-MRI erméglicht die Bestimmung scheinbarer
Dissoziationskonstanten (K¢) aus dosisabhingigen °F-T,-gewichteten Aufnahmen. Der
methodische Transfer wurde zuniachst in einem kapillarbasierten Mikroarray mit neun
parallelen Proben validiert und lieferte direkte Bindungs- und Affinitatsinformationen
innerhalb eines einzigen MR-Scans.

Im Anschluss fiir den dritten Teil der Doktorarbeit, wurde die Plattform auf einen
3D-gedruckten Wabenprobenhalter mit 61 individuell adressierbaren Zellen skaliert. Jede
Zelle reprasentiert dabei ein unabhéngiges Experiment. Diese Geometrie ermdglichte
das simultane Screening von 55 kompetetiven Liganden als Leitstruktur von starken und
schwachen Affinitatsskala (uM- bis mM-Bereich) in einer einzigen Messung.

Weiterhin, die raumlichen und messtechnischen Auflésungsgrenzen der MRI in den
beschriebenen Mikrostrukturformaten wurden untersucht, um den Zusammenhang zwi-
schen Auflésung, SNR und Messzeit zu optimieren. Eine prizise 1°F-T,-Quantifizierung
erfordert einerseits ausreichend kleine Voxel zur eindeutigen Zuordnung einzelner Mi-
kroexperimente, andererseits jedoch ein ausreichendes Signal-Rausch-Verhaltnis. Hoéhere
raumliche Auflosung fithrt zwangslaufig zu langeren Messzeiten.

Zur Uberwindung dieses Zielkonflikts (Hochdurchsatz-Screening) wurde ein Rekon-
struktionsansatz Compressed Sensing (CS) implementiert, der die Sparsitat der Bilddaten
im k-Raum ausnutzt. Auf diese Weise lieffen sich die Gesamtmesszeiten signifikant reduzie-
ren, ohne die quantitative Genauigkeit der R,- und Kc-Bestimmung zu beeintrachtigen. Die
erfolgreiche Ubertragung der Liganden-Screening-Methodik vom gut charakterisierten Mo-
dellprotein Trypsin auf das komplexe Zielprotein Phosphopantethein-Adenylyltransferase
(PPAT) war ebefalls erfolgreich.

Im letzten Kapitel wurden gadolinium basierende paramagnetische Kontrastmitteln
(Magnevist und gadolinium-chlorid) eingesetzt, um relaxationsgewichtete Bildgebungsse-
quenzen weiter zu beschleunigen. Durch die Verkiirzung sowohl der longitudinalen (T7)
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als auch der transversalen (T;) Relaxationszeiten erméglichen sie deutlich schnellere Mes-
sungen. Die Kombination aus dem Kontrastmittel Magnevist, CS-basierter Unterabtastung
und miniaturisierten Probengeometrien etabliert damit eine leistungsfahige Plattform fiir
ein echtes MR-basiertes Hochdurchsatz-Screening.

Zusammenfassend présentiert diese Arbeit ein skalierbares, quantitatives und raumlich
multiplexes !°F-MRI-Framework zur direkten Abbildung von Protein-Ligand-Interaktionen
und kompetitiven Inhibitionsprozessen. Durch die Integration von T,-basierter Bildgebung,
Compressed-Sensing-Beschleunigung und mikrostrukturierten 3D-gedruckten Proben-
arrays wird die MRI von einer primér diagnostischen Technik zu einem molekularen
Screeningwerkzeug weiterentwickelt. Der Ansatz verbindet molekulare Sensitivitit mit
bildgebender Parallelisierung und eréffnet einen Weg zur schnellen, robusten Validierung
von Wirkstoffkandidaten durch die simultane Bestimmung relaxations- und affinitédtsba-
sierter Parameter in einem einzigen MR-Experiment.
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1. Introduction

1.1. Motivation

Early-stage drug discovery relies on the rapid and reliable screening of large libraries
of candidate molecules for their interactions with protein targets. Among the available
analytical techniques, magnetic resonance (MR) spectroscopy and imaging occupy a unique
position: they probe matter at sub-molecular length scales, since it reports on individual
nuclei within a molecule, simultaneously providing non-invasive, quantitative readouts.

While slice-selective and gradient-assisted nuclear magnetic resonance (NMR) methods
can provide limited spatial differentiation of samples, magnetic resonance imaging (MRI)
offers full 3D spatial encoding that enables many discrete protein-ligand experiments to
be performed within a single measurement. Each sample compartment occupies a defined
position within the imaging volume, and its corresponding voxels represent an isolated
micro-assay that experiences identical global experimental conditions, including magnetic
field strength, pulse sequence, and temperature. This intrinsic spatial encoding makes MRI
particularly well suited for miniaturized high-throughput formats, with the achievable
spatial resolution being the primary limiting factor.

Simultaneous data acquisition is achieved through frequency- and phase-encoding in
MR, allowing all micro-assays to be spatially resolved according to their positions within
the 3D imaging volume, provided that the spatial resolution is sufficient to separate adjacent
compartments. With an appropriate holder design dozens of protein-ligand reactions can
be positioned within the field of view. This enables the parallel quantification of numerous
ligand—protein interactions in a single experiment, substantially increasing screening
throughput while preserving biochemical fidelity.

Using ?F-MRI and competitive binding assays—where only the fluorinated reporter
ligand is detected—the signal intensity of the reporter reflects its local molecular environ-
ment. Because '°F nuclei are intrinsically highly sensitive to changes in their chemical
surroundings, the transverse relaxation (T3) of the reporter responds to alterations in molec-
ular tumbling upon protein binding and subsequent displacement by a non-fluorinated
competitor ligand. The resulting T,-weighted °F-MRI readout is inherently free from
background signals arising from proteins, buffers, or other assay components, making it
particularly attractive as a high-throughput screening (HTS) modality.

Because MR image data are acquired in k-space, the intrinsic sparsity of MRI images en-
ables compressed-sensing and other undersampling strategies for substantial acceleration
of data acquisition. Furthermore, the use of paramagnetic contrast agents can shorten lon-
gitudinal (T7) and transverse (13) relaxation times, thereby reducing the required repetition
times (TR) and echo times (TE) for T,-mapping and further accelerating the workflow.
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Together, these strategies render fluorine-based MRI compatible with the demands of
modern drug-discovery pipelines. To translate the molecular-level chemical sensitivity
of MRI into a practical screening tool for pharmaceutical libraries, a substantial increase
in measurement throughput is essential. The development of a high-throughput °F-MRI
framework that maintains biochemical integrity while enabling parallelized, quantitative
readouts has therefore been a central motivation of this thesis.

1.2. Objective

The work presented in this thesis unites biology, engineering, chemistry, and mathematical
imaging science to address a central bottleneck in MR-based drug discovery:

« High-density spatial parallelization

The first aim of this thesis was to develop sample-parallelized hardware capable
of dramatically increasing throughput on existing MRI systems. We systematically
engineered a series of miniaturized, 3D-printed sample holders—from bundled NMR
tubes to capillary arrays and ultimately a 61-cell honeycomb array—each designed
to maximize filling factor, voxel isolation, and sample accessibility. These platforms
enable dozens of independent biochemical assays to be monitored simultaneously,
transforming the MRI readout from a single-sample measurement into a multiplexed
assay environment.

« Competitive binding assays using fluorinated reporter ligands

Whether parallelized MRI measurements remain quantitatively reliable under low-
volume, low-concentration ligand screening conditions was investigated to validate
the binding affinity of the non-fluorinated unknown competitors, where proteins
and novel candidates are often available only in limited quantities in early-stage drug
discovery. To address this, a 1?F-MRI-based competitive displacement assay was
implemented to encode displacement events directly through changes in transverse
relaxation time T, of the reporter ligand to accurate extraction of binding constants
K¢ for both strong and weak competitors, facilitating quantitative multi-sample
screening even under low-SNR conditions.

+ Compressed sensing for undersampled MRI reconstruction.

Even with increased spatial parallelization, acquiring full relaxation-based displace-
ment curves can be time-intensive if conventional fully sampled k-space strategies
are used. Therefore, we integrated compressed sensing (CS) as an acceleration
method. CS exploits sparsity in MR images to reconstruct high-fidelity datasets from
undersampled measurements. By sampling only the essential contrast information
required for T, quantification, compressed sensing enables substantially shorter
acquisition times while preserving quantitative accuracy. Parallelization increases
the number of samples per scan, while CS reduces the number of measurements
required per sample, providing orthogonal acceleration axes.



1.3. Outline

« Paramagnetic Relaxation Enhancement using Gadolinium-based contrast
agents

The gadolinium-based contrast agents Magnevist and gadolinium chloride GdCl,
were introduced to shorten both T; and T, thereby enabling reductions in TR and TE
and further decreasing the total acquisition time. Magnevist, a clinically approved
contrast agent known for its chemical inertness and biological safety, proved partic-
ularly effective: it produced substantial relaxation acceleration while leaving the
protein-ligand binding equilibrium unchanged. In parallel, the inorganic salt GdCl,
was investigated as an in vitro reference.

1.3. Outline

This thesis is structured into ten chapters, preceded by an introduction and theory section,
and followed by a concluding outlook. The chapters are organized as follows:
Introductory Chapters

« Chapter 1 introduces the motivation, objectives, and overall scientific background
that motivates the development of high-throughput '?F-MRI for quantitative drug
discovery applications.

« Chapter 2 provides the theoretical foundations relevant to this thesis, including MR
signal principles, instrumentation, spatial encoding, k-space, fast imaging sequences,
contrast mechanisms, compressed sensing, and ligand-based '*F-MR competition
experiments.

Part I: Sample Parallelization and Image Optimization

« Chapter 3 describes the development of sample-parallelized imaging hardware,
including bundled NMR tubes, capillary arrays, and the 61-well honeycomb array.
It covers array design, filling-factor considerations, ROI analysis, and workflow
integration into MRIL

Part II: Accelerated Drug Discovery Using ’F-MRI

« Chapter 4 presents the imaging setup and experimental workflow, including spin
echo-pulse sequence selection, image-quality optimization, and rapid-imaging con-
siderations for multi-sample assays. It introduces the drug-screening concept in
competition mode, details the ’F-MRI experimental setup, and characterizes the re-
porter ligand TFBA. It offers a demonstration of protein-ligand interaction imaging
as proof of concept, including direct protein binding detection, competitive screen-
ing, affinity determination of the non-fluorinated unknown competitor ligands, and
the calculation of sensitivity and acceleration factors using a 9-capillary setup.
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Part III: Highly Parallelized Enzyme Inhibition Imaging with Compressed
Sensing

« Chapter 5 reviews the state of the art in high-throughput '’F-MRI, providing context
for the integration of sparsity-driven imaging into parallelized MRI assays. It details
the design, implementation, and characterization of the miniaturized cell array
for compressed sensing, including its application in screening of strong and weak
trypsin competitors as well as PPAT/CoaD inhibitors.

Part IV: Gd-based Contrast Tuning for Rapid Ligand Screening

« Chapter 6 evaluates paramagnetic relaxation enhancement for rapid *F-MRI, com-
paring Magnevist and GdCl, as contrast agents for accelerating T;- and T;-weighted
measurements while maintaining biochemical integrity.

Conclusion and Outlook

« Chapter 7 concludes the thesis, summarizes the main results, and provides an
outlook on future developments in high-throughput MR-based drug discovery.

1.4. Publications

This research has created four main publications with contributions as the first author (one
published, one submitted, and one in preparation) and one other publication as coauthor

(one published).

Published

+ Accelerated screening of protein-ligand interactions via parallel T,-weighted
BF-MRI

Published in: ACS Analytical Chemistry [DF1]
Authorship status: Lead author

Content: This paper introduced a parallelized °F-MRI methodology for quantifying
protein-ligand interactions using T,-weighted displacement imaging. A 9-capillary
sample holder and a fluorinated reporter ligand enabled multiplexed binding assays,
allowing simultaneous acquisition of dose-response curves. The study demonstrated
reliable extraction of apparent binding constants and a substantial reduction in
measurement time relative to conventional NMR-based approaches.

Contribution: Conceived the experimental design. Performed all MRI experiments on
the fabricated capillary sample holder, analyzed binding affinity data, and validated
quantitative accuracy. Led the manuscript writing and prepared all figures.
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+ A digital twin for parallel liquid-state nuclear magnetic resonance spec-
troscopy

Published in: Nature Communications Engineering [DF2]
Authorship status: Coauthor

Content: This work presented a digital-twin framework for simulating multi-sample
NMR spectroscopy, encompassing electromagnetic field distributions, signal en-
coding, and reconstruction under parallelized conditions. The digital twin enabled
prediction and optimization of coil performance, sensitivity profiles, and workflow
design for multi-sample NMR systems.

Contribution: Prepared the chemical solutions used for experimental validation,
assisted in conducting the NMR measurements, contributed to benchmarking exper-
imental data, and helped draft and revise the manuscript.

Submitted manuscript

« Parallelized 61-sample inhibition screening accelerated by
IYF-MRI compressed sensing

Manuscript status: Submitted to Wiley Chemistry — Angewandte Chemie
Authorship status: Lead author

Content: This manuscript reports a highly parallelized '’F-MRI screening platform
employing a 61-well honeycomb array and compressed-sensing reconstruction. The
method enables simultaneous quantification of enzyme inhibition across dozens of
samples, achieving more than an order-of-magnitude acceleration by combining
spatial parallelization and sparsity-driven imaging. The approach is demonstrated
for strong and weak binders, clinically relevant proteins, and antimicrobial inhibition
assays.

Contribution: Conceived and led the study. Designed and optimized MRI acquisition
protocols for the 3D-fabricated 61-well sample holder, including compressed-sensing
undersampling strategies, performed all imaging experiments, analyzed binding
affinity data, and developed the complete screening workflow. Led the manuscript
writing and prepared the figures and supplementary material.

Manuscript in preparation

Gadolinium-Enhanced F-MRI as a High-Throughput Platform for Pro-
tein-Ligand Screening

Manuscript status: In preparation
Authorship status: Lead author

Content: This work presents a paramagnetic contrast-enhanced *F-MRI method-
ology that exploits T;-relaxation modulation by gadolinium-based contrast agent,
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Magnevist, to accelerate the ligand-screening workflow. The approach integrates
molecular contrast, spatial parallelization, and k-space undersampling to achieve
substantial reductions in measurement time.

Contribution: Designed the experimental concept and established the PRE-enhanced
YF-MRI workflow. Performed all imaging experiments with Magnevist, quantified
relaxation enhancement, and evaluated the impact of both agents on protein-ligand
binding equilibria. Developed the imaging and reconstruction protocols integrating
parallelization and undersampling. Led manuscript writing and prepared all figures
and supporting analyses.

Reproduction and Adaptation of Published Material

+ The text and figures in Chapter 3-4 were reproduced and adapted from my
publication [DF1] in ACS Analytical Chemistry, with permission from the
American Chemical Society (Copyright © 2023, ACS).

+ The text and figures in Chapters 5 were reproduced and adapted from the
manuscript with the title "Parallelized 61-sample inhibition screening accel-
erated by ?F-MRI compressed sensing", submitted to Angewandte Chemie
(Wiley-VCH). Permission for reproduction is granted under the thesis repro-
duction policy.

« The text and figures in Chapters 6 were reproduced and adapted from
the manuscript with the title "Gadolinium-Enhanced "F-MRI as a High-
Throughput Platform for Protein-Ligand Screening", will be submitted. Per-
mission for reproduction is granted under the thesis reproduction policy.
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This chapter provides an overview of how to acquire a magnetic resonance signal arising
from molecules at the atomic level and encode it into k-space for molecular imaging
purposes. Investigating the trade-off of generating an image by optimizing MRI parameters,
access acceleration mechanisms are accessed through pulse sequences, which control the
speed, sampling pattern, and number of steps using a gradient system. Designing a
sample holder that offers dense localization within a given space in a coil, each voxel can
correspond to an individual experiment, delivering various biophysical properties of the
monitored molecule, while multiple signals come from the shared signal environment.

Later in this chapter, general biophysical principles of protein-drug interactions are
introduced to demonstrate how MRI is useful in gaining quantitative insights while accel-
erating the drug discovery process. The theoretical background information presented in
this chapter has been primarily compiled and integrated from the following authoritative
MRI textbook sources (cited papers are listed in the Reference section):

« Spin Dynamics by Malcolm Levitt

« Magnetic Resonance Imaging: Physical Principles and Sequence Design by E.
Mark Haacke et al.

+ The Physics and Mathematics of MRI by Richard Ansorge and Martin Graves
» Fundamentals of NMR and MRI by Fatemeh Khashami
« Magnetic Resonance in Medicine by Peter A. Rinck

« Compressed Sensing Magnetic Resonance Image Reconstruction Algorithms
by Bhabesh Deka and Sumit Datta

« Biochemie by Werner Miiller Esterl

2.1. Fundamental MR principles

Nuclear spin

Nuclear Magnetic Resonance (NMR) is fundamentally based on the principles of quantum
mechanics, as it depends on the inherent characteristic of the particle. Every atomic
nucleus has a significant physical characteristic: spin.

A rotating particle exhibits an angular momentum, and although spin is a particular
manifestation of a kind of angular momentum, it is only an intrinsic property, such as
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a particle’s mass and electrical charge. It does not arise from any rotational motion of
the particle itself. Every elementary particle possesses a specific spin quantum number,],
which is quantized. Bosons have integer values of I 0, 1, 2, etc.; meanwhile, for fermions, it
has a half-integer 1/2, 3/2, 5/2, etc.

Protons and neutrons are defined as fermions, each possessing a spin quantum number
of % and therefore obeying the Pauli exclusion principle. Within a nucleus, the individual
spins and orbital angular momenta of these nucleons couple to form a total nuclear spin,
denoted by the spin quantum number I. In NMR, this total spin determines whether a
nucleus exhibits a magnetic moment: only nuclei with I # 0 possess an intrinsic magnetic
dipole moment. Such nuclei can interact with an external magnetic field and undergo
transitions between discrete energy states upon absorption of radiofrequency radiation.
Consequently, the magnitude of I governs the resonance frequency, signal intensity, and
relaxation behavior characteristic of each nucleus.

For example, fluorine-19 (*°F) has nine protons and ten neutrons. Despite its even number
of neutrons, the unpaired proton results in a net nuclear spin of I = 1/2. Consequently,
F qualifies as an NMR-active nucleus, alongside the most-known nuclei summarized in
Table 2.1.

1) = AI(T + 1) (2.1)

On the other hand, 2C and ®O are NMR-silent nuclei because they have an even number
of protons and neutrons; thus, the nucleus has no spin (I = 0).

The microscopic magnetic field produced by spin is characterized by a magnetic moment
vector, denoted as ji. The ratio of the magnetic moment to the spin angular momentum
is referred to as the gyromagnetic ratio, y, which is an inherent property of the nucleus
(Figure 2.1). Magnetic moment and spin angular momentum of a nucleus are linearly
related:

(2.2)

=!I
1

§<
~l

Table 2.1.: Inherent spin properties of most common nuclei

Isotope ‘ Nuclear spin (I) ‘ Natural Abundance [%] ‘ NMR Frequency at 11.7 T [MHz]

g % ~ 100 - 500

’H 1 0.015 -76.753
130 % 1.1 - 125.725
14N 1 99.6 - 36.132
15N % 0.37 50.684

F % ~ 100 - 470.470
31p % ~ 100 - 202.606

Each nucleus has a specific y that can be positive or negative depending on the orien-
tation of the magnetic moment and the angular momentum vectors being in the same
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Figure 2.1.: Direction of nuclear spin and magnetic moment for positive and negative
oriented gyromagnetic ratios. Collinearity and proportionality between the
nuclear spin angular momentum (I) and the magnetic moment (ji) in an external
magnetic field (By). The Larmor precession direction (wr) and the alignment
of i relative to I are shown.

direction or opposite directions, respectively. It has units of MHz T~!. Most commonly
used nuclei in chemistry and biology are listed in Table 2.1 with the nuclear spin values,
natural abundance of the isotopes, and gyromagnetic ratios.

Polarization and precession

The phenomenon of NMR arises from the orientation of the atomic magnetic moment (u).
Before a nucleus with a non-zero spin quantum number (I # 0) is placed in a static magnetic
field, the orientations of its magnetic moments are random, and the corresponding energy
levels are degenerate. When exposed to an external magnetic field By, nuclei with a non-
zero magnetic moment interact with the field, leading to an energy level separation known
as Zeeman splitting.

The energy levels split according to the magnetic quantum number mj, which can take
values from I to +I in integer steps. For a spin -1/2 nucleus (e.g. 'H or '°F), there are two
energy states (Figure 2.2): my = +% (T, lower energy) and m; = —% (, higher energy). The
parallel orientation with the external magnetic field (which is typically in the z-direction)
is the energetically favorable state, referred to as a-state (parallel to the external magnetic
field). The antiparallel orientation of spins to the external magnetic field is called the
B-state, where the energy is higher than the a-state. The energy difference between these
two states is given by:

-

AE = —fi - By (2.3)
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Figure 2.2.: Zeeman splitting and NMR absorption between « and f spin states. The energy
separation AE determines the resonance frequency for NMR absorption, which
occurs during transitions, when the nucleus absorbs an RF photon.

This energy gap corresponds to a specific frequency of electromagnetic radiation, known
as the Larmor frequency, wy. It is directly proportional to the strength of the external
magnetic field, By:

Y- Bo
27

Wy = (2-4)

Thus, Zeeman splitting creates the fundamental condition for nuclear magnetic res-
onance: when a nucleus with spin I # 0 is placed in an external magnetic field By, its
energy levels separate by AE = yhB,. Resonance absorption occurs when the frequency of
the applied radiofrequency (RF) field matches the Larmor frequency, wy = yBy, allowing
transitions between the split energy levels, as illustrated in Figure 2.2.

The population difference between these energy states follows the Boltzmann distribu-
tion, leading to a small excess of nuclei in the lower-energy a-states, expressed as:

E;
exp (— leT)
=TT
2. €Xp (_kB_T)
1
This slight imbalance gives rise to a net magnetization along the direction of the external
field, which forms the detectable basis of the NMR signal. Here, N = },_; Ni, where

N; is the number of particles occupying the specific energy level E;. The sum of the
exponential terms in the denominator is known as the partition function, which normalizes

(2.5)

z|z

10
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the distribution. kg = 1.380510? J/K is the Boltzmann constant, and T represents the
absolute temperature in Kelvin (K). At room temperature 298 K, the orientations of the
magnetic dipole moments fluctuate rapidly, since the thermal energy (kzT) exceeds the
Zeeman energy splitting between spin states. For example, spin population numbers in
the two Zeeman states at 1 T:

« Population in the low energy («) state ~ 500,002
« Population in the high energy (f) state ~ 499,998

« Net magnetization (population difference) ~ 3.22 spins per million

Hyperpolarization [1,2] and higher magnetic field strengths provide an advantage in
increasing detection sensitivity.

Relaxation

At thermal equilibrium, the bulk magnetization M, of a macroscopic sample is aligned
predominantly parallel to the external magnetic field and is proportional to the population
difference between the parallel and anti-parallel spin states. This alignment produces a
net longitudinal magnetization along the z-axis.

To generate a detectable signal, a time-varying radiofrequency magnetic field (B;) is
applied for a short duration (RF pulse, Figure 2.3, green box in the pulse sequence) to
rotate the magnetization away from the z-axis. The B; field can be viewed as a constant
magnetic field applied perpendicular to the By field. This transverse field exerts a torque
on the net magnetization vector, causing it to precess away from the equilibrium direction.
The angle of rotation, called the flip angle ar4, depends on the RF field strength, the
gyromagnetic ratio, and the pulse duration (7):

lapa=y- BT (2.6)

For example, if the RF pulse is applied with the appropriate amplitude and duration
such that apa = 90°, the net magnetization is rotated entirely into the transverse (xy)
plane, for instance, along the -y-axis. By varying the pulse duration and power, the
excitation bandwidth (BW) can be controlled: short, high-power (hard) pulses produce
a broad excitation bandwidth, whereas long, low-power (soft) pulses generate a narrow,
frequency-selective excitation.

Once the magnetization has been tilted away from equilibrium, it gradually relaxes back
toward the z-axis. The recovery of the longitudinal magnetization follows an exponential
time course described by the Bloch equation:

M (t) = Meq (1 - e‘TLl) 2.7)

This exponential time constant T; is called the longitudinal relaxation time. It
characterizes how quickly the net spin magnetization returns to its thermal equilibrium

11
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value along the field direction after being disturbed. This re-establishment of M is a key
parameter for NMR measurements and is characteristic for each nuclear isotope.

In contrast, the transverse component of the magnetization is directly detectable. In the
transverse plane, the spins precess at the Larmor frequency w, and decay due to dephasing.
This decay is described by the transverse relaxation time T:

Mr(t) = Mr(0) e T (28)

Excitation Relaxation
z

M/M,

L~

0.63)-N\---- - 3
1
0372 ' E W
/NG RF MR Signal
: M,

v

Figure 2.3.: Magnetization dynamics in MR signal generation: (Top) Bloch sphere illustra-
tion of excitation (1-2) and relaxation (3) processes. (Bottom) Corresponding
longitudinal (M, red) and transverse (Mr, blue) relaxation curves. Pulse dia-
gram (green) with RF excitation pulse (1-2), and resulting MR signal (3) with
T, and T, time constants.

In liquid-state NMR of small molecules, the transverse relaxation time constant T, is
generally comparable in magnitude to the longitudinal relaxation time T;, often extend-
ing over several seconds. This prolonged coherence permits nuclear spins to perform
tens of millions of Larmor precession cycles without significant dephasing. However, in
systems involving macromolecules in solution or solid-state environments, the T, values
are markedly shorter, frequently on the order of milliseconds, due to enhanced dipolar
interactions and restricted molecular mobility. These relaxation properties, particularly in
the context of proteins and drug-like molecules, are discussed further in Chapter 2.7.

12
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Signal detection

The detection of MR signals within a modern spectrometer relies on a coordinated interac-
tion between static magnetic fields, time-dependent RF excitation, and digitally controlled
signal processing. Before starting with the nuclear spin excitation and collecting a spec-
trum, the first crucial step for the signal readout is to ensure a homogeneous magnetic
field that is expanded over the entire volume of the sample equally and is stable over time.

Once the RF pulse has rotated the magnetization into the transverse plane, the precessing
transverse component induces a voltage in the detection coil according to Faraday’s law of
electromagnetic induction. This time-dependent oscillating signal, observed at the nuclear
Larmor frequency, is called the free induction decay (FID) (Figure 2.3, green). The FID
contains the full spectral information of the nuclear spins and forms the raw data from
which NMR spectra and MR images are reconstructed.

To implement this excitation and detection process in practice, the sample is carefully
positioned within a dedicated NMR setup that enables precise manipulation and measure-
ment of nuclear spin behavior. The primary component of this setup is the RF coil, which
serves dual functions: applying the excitation pulse from the transmitter and capturing
the induced signal for the receiver (Figure 2.4).

The sample is aligned along the z-axis and positioned within a homogeneous static
magnetic field By next to an RF coil, ensuring optimal interaction between the nuclear
spins and the applied RF field. The RF coil, integrated into a resonant circuit (RF oscillator)
tuned to a specific transmission frequency w, which operates under precise computer
control, is connected to an RF transmitter (TX) for signal excitation or to a receiver (RX)
for signal acquisition (detailed in Chapter 2.2.

For the nuclear spin excitation, a calibrated 90° RF pulse at frequency wy is applied,
rotating the macroscopic magnetization vector M from its equilibrium orientation along
By into the transverse plane. Detection of the oscillating field is accomplished using
an RF coil whose winding axis is oriented perpendicular to the main magnetic field B,.
This configuration is critical, as it allows the coil to sense the oscillating magnetic field
generated by the precessing transverse component of the net magnetization.

To fully capture the signal, quadrature detection is employed. The received voltage is
mixed with two reference waveforms at frequency wy.r, shifted by 90° relative to each
other. This yields two channels — the in-phase (I) and quadrature (Q) components (Figure
2.5)— which together form a complex representation of the detected signal at the difference
frequency:

’QOZ(UO_@ref‘

The resulting free induction decay (FID), s(t), is therefore expressed as a complex time-
domain signal containing both cosine (real) and sine (imaginary) contributions of the
transverse magnetization:

s(t) = My(t) + iMy(t) = Ae /Tl (2.9)

where T, is the effective transverse relaxation time, and A is the initial amplitude. To

13
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Figure 2.4.: MR signal acquisition chain. The RF coil detects the signal at the Larmor
frequency, which is mixed using a reference frequency from an RF synthesizer
(quadrature detection). The resulting complex signal, composed of real and
imaginary components, is digitized by an ADC and processed by a computer
to generate a spectrum.

transform the time-domain FID into a frequency-domain spectrum, a Fourier Transforma-
tion (FT) is applied:

S(Q) = /Ooos(t)e_im dt (2.10)

This yields the MR spectrum, S(Q2), where each peak corresponds to a resonant fre-
quency component of the sample, providing chemical shift and coupling information.
Quadrature detection ensures that these spectra are single-sided, phase-sensitive, and
free of ambiguities, thereby enabling accurate resolution of chemical environments and
dynamic processes in MR experiments.
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Figure 2.5.: Quadrature detection for MR signal acquisition. The real (in-phase, blue) and
imaginary (quadrature, red) components of the detected signal are shifted
by 90°. Fourier transformation converts the real and imaginary time-domain
signals into their frequency-domain components, preserving amplitude and
phase information.

2.2. Instrumentation

The functionality of MRI hardware is intrinsically linked to the software interface, with
both elements operating cohesively to ensure accurate signal generation and acquisition
(Figure 2.6). The main hardware units of a typical MR scanner include:

« A static magnetic field (By) system for establishing nuclear magnetization.

« Shimming coils for generating low-order magnetic field corrections to enhance
spatial homogeneity.

« Radiofrequency (RF) coils for transmitting the electromagnetic B field to excite the
spins and for receiving the induced NMR signal during acquisition.

« Gradient coils for spatial encoding along the three orthogonal axes.

« RF electronics for signal generation, amplification, and detection, comprising RF
synthesizers, power amplifiers, preamplifiers, and analog-to-digital converters that
enable precise excitation and sensitive signal readout.

MR scanner and shimming coils

A typical MRI scanner has a horizontal bore magnet composed of a special superconducting
wire, often coiled into a solenoidal configuration and housed within a stainless steel cryostat
filled with liquid helium. This cryogenic environment is essential for maintaining the
superconducting temperature for the wiring, so that the system carries persistent currents
without resistance.

15
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Figure 2.6.: MRI system with the signal pathway from the magnet to the computer. The
system is controlled by electronics. RF electronics manage transmission and
reception, enabling the excitation pulses generated by the RF coil, while gradi-
ent amplifiers deliver current to the gradient coils to produce spatially varying
fields in the x, y, and z directions under the static field of the main magnet.
Pulse sequence instructions from the console computer orchestrate these com-
ponents, defining the precise timing of RF pulses, gradient switching, and
signal acquisition. The acquired data are subsequently reconstructed into
images and displayed on the console.

The geometry of the winding is critical for the generation of a stable and uniform
magnetic field, where the field orientation is dictated by the direction of the current flow,
which follows the right-hand rule (Figure 2.6). The number of coil windings and the
magnitude of the applied current determine the strength of this magnetic field.

Clinical scanners for hospitals have a standard MRI scanner with 1.5 T -3 T, whereas
for preclinical research purposes, stronger fields in a range of 11.7 T -21.1T are in use. A
strong magnetic field is necessary to enhance signal detection sensitivity to monitor minor
changes of the molecule of interest at atomic resolution. Ultra-field-magnets possesses a
smaller bore size with a diameter 20 mm — 40 mm that is not suitable for human imaging.
To maintain the uniformity of any cryogenic integrity over the available space in the bore
volume, smaller bore sizes are favored.

A highly homogeneous magnetic field is a fundamental requirement in magnet and
coil design. The spatial variation in B is typically measured using imaging-based field
mapping and can be iteratively corrected by generating spherical harmonic magnetic
fields. Shimming coils are employed to restore and optimize the uniformity of the magnetic
field, ensuring the stability and accuracy required for both imaging and spectroscopic
applications.
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RF coil

The radiofrequency (RF) coil is precisely tuned to the Larmor frequency corresponding
to the target nucleus. It is operating in two different modes: transmit or receive mode
(Figure 2.4). In the transmit mode, the duration of the RF pulse is controlled to generate
a certain flip angle of the net magnetization vector to excite nuclear spins. Depending
on the application need, this flip angle can be adjusted. In the receive mode, the released
energy during spin relaxation is captured in the form of electromotive force (EMF) within
the coil. Therefore, the coil must be positioned in proximity to the sample as a receiver.

Gradient coils

Gradient coils are responsible for the spatial encoding of the MR signal. There are three
independent gradient coils, each oriented along one of the orthogonal spatial axes (X, Y,
and Z). Their geometry enables the generation of linear, space-dependent magnetic field
variations that make the resonance frequency of nuclear spins position-dependent (see
equation 2.11).

Two important parameters characterize the performance of gradient coils: the amplitude,
which defines the achievable field strength variation across the imaging volume, and the
slew rate, which quantifies how rapidly the gradient can be switched on or off. The gradient
system is driven by dedicated electronic subsystems consisting of current amplifiers (Figure
2.6), gradient pulse programmers, and digital-to-analog converters (DACs).

Individual gradients

=]
EES
19

y-axis
Z-axis

J B

Figure 2.7.: MRI gradients for spatial encoding. Direction of three individual gradient
coils along the X-, Y-, and Z-axes (left). Each coil produces a linear magnetic
field gradient in its respective direction, as indicated by the coil geometry and
associated arrows. The superimposed gradients are shown within the bore
of the MRI scanner (right) to the main static magnetic field By (orange), the
gradient in the Z-direction (G, green), and the scanner isocenter.

In MR, the static magnetic field By is always present to align the nuclear spins. Gradient
fields, by contrast, are applied transiently and in a programmed manner during a pulse se-
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quence. At the magnet’s central point, referred to as the isocenter, the resonance frequency
is defined solely by By, and all three gradient fields vanish. As one moves away from the
isocenter, the local resonance frequency increases or decreases linearly depending on the
applied gradient’s polarity and direction. Thus, gradients introduce a spatial dependence
into the precession frequency of the spins, enabling the localization of their positions
within the sample (Figure 2.7).

Assuming the direction of the external magnetic field is aligned with the z-axis, the
magnetic field at an arbitrary spatial position r = (x, y, z) can be expressed as

B(r) = (Bo + Gex + Gyy + Gzz) 5 (2.11)

where Gy, Gy, and G, denote the applied gradient strengths along the respective axes. In
the absence of gradients, the expression reduces to B(r) = By Z.

2.3. Spatial encoding and k-space

NMR vs MRI

Magnetic Resonance Imaging (MRI) has emerged as one of the most powerful and versatile
diagnostic tools in modern medicine and biomedical research. As a non-invasive tech-
nique, magnetic resonance imaging (MRI) enables the visualization of internal anatomical
structures and physiological processes with high spatial and temporal resolution.

Apart from other imaging modalities such as computed tomography (CT), ultrasound,
and positron emission tomography (PET), MRI enables diagnostic imaging, particularly
in neurology, musculoskeletal studies, cardiovascular assessment, and oncology. The
successful implementation of MRI represents a convergence of fundamental physics,
advanced hardware, and computational techniques, exemplifying the translation of a
quantum mechanical principle into a critical biomedical application.

Based on non-ionizing radiofrequency (RF) waves and strong static magnetic fields,
MR imaging does not expose the patient to ionizing radiation, making it inherently safer
compared to CT [3]. Compared to ultrasound [4], MRI offers deeper tissue penetration
and higher spatial resolution, particularly in areas obscured by bone or air, making it a
more effective imaging modality. In contrast to PET [5], MRI does not require radioactive
tracers; high-resolution imaging is achieved without introducing radiopharmaceuticals,
although it can be complemented with contrast agents when necessary.

This technique is fundamentally based on the physical principles of nuclear magnetic
resonance (NMR), a phenomenon described in detail in Chapter 2.1. Although both NMR
and MRI share the same underlying quantum mechanical technique, the behavior of
nuclear spins in external magnetic fields, the objectives of the signal output, and the
implementations are significantly different (Table 2.2). As shown in Figure 2.8, conven-
tional NMR vyields a spectrum that represents an averaged signal from all mobile water
molecules in the sample, without distinguishing between water populations in different
tissues. In contrast, MRI employs spatially varying magnetic field gradients and Fourier
transformation of the acquired k-space data to reconstruct images composed of individual
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Figure 2.8.: Simplified illustration of nuclear magnetic resonance (NMR) spectroscopy and
magnetic resonance imaging (MRI) using water signals. Without spatial en-
coding gradients, NMR detects an averaged signal from the sample, producing
a frequency spectrum (chemical shift) that reflects molecular environments,
predominantly from mobile water. In MR, spatially varying magnetic field
gradients encode position, and Fourier transformation (FT) of k-space data
reconstructs an image composed of voxels. Image contrast arises from differ-
ences in water properties, which determine the grayscale intensity of each
voxel.

voxels. Each voxel contains signals from mobile water molecules within a defined spatial
environment, thereby enabling localization and tissue-specific contrast.

The key technological innovation that transforms NMR into MRI, the spectrometer is
additionally equipped with gradient coils capable of systematically altering the Larmor
frequency of nuclear spins as a function of spatial position. This spatial dependence
enables slice selection, frequency and phase encoding, and image reconstruction via the
Fourier Transformation.

For this purpose, a pulse sequence running on the computer (details explained in Chapter
2.4) specifies the timing, amplitude, and waveform shape of the gradients. The digitally
generated signals are converted into analog waveforms by the DACs and subsequently
amplified by high-power current amplifiers to deliver precise and temporally accurate
currents to the gradient coils. In practice, the formation of an MR image involves four
main steps (Figure 2.10):

1. Localization of the spins of interest,
2. Excitation of selected spins,

3. Encoding of their signal,
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4. Signal detection and reconstruction.

Table 2.2.: Signal characteristics in NMR spectroscopy and MR imaging.

Property

NMR Spectroscopy

MR Imaging

Signal output

Contrast source

Chemical shift

Signal interpretation

Encoding method
Dimensionality

Spectral resolution

Spatial resolution

Frequency-domain spectrum

Chemical shift, J-coupling, T3,
T, relaxation times

Yes

Concentration, chemical
environment, density

Spectral (frequency) encoding
1D, 2D, or 3D spectra
Very high (sub-Hz)

Not applicable (except 1D
z-profiling [6])

Spatial image (2D or 3D)

Ti, T, relaxation times, proton
density, flow

No (except MRS or CSI)

Spatial location and relaxation
properties

Spatial encoding
2D or 3D images (voxels)

Low for imaging 10-100 Hz
(unless spectroscopic
sequences used)

High (down to sub-mm or pm
resolution)

Slice Selection

A typical MR experiment starts with a slice selection (SS) (steps 1 and 2, Figure 2.10) done
by applying a linear gradient in the z-direction with a proper RF excitation profile. The RF
pulse is carefully designed to have a "sinc"-shaped waveform in the time domain, which
translates into a rectangular profile in the frequency domain (Figure 2.9). This ensures
uniform excitation of spins within a defined frequency range. The effective excitation
bandwidth of the RF pulse is denoted by A fex.. The slice thickness AZ is directly influenced
by two primary parameters: the RF pulse’s excitation bandwidth and the strength of the
applied gradient field G,z. The relationship is expressed by:

B,(r,t) =By2+G. (1) 2

_ Afexc
1465

AZ (2.12)

This equation shows that slice thickness is inversely proportional to the gradient strength
and directly proportional to the RF bandwidth. Therefore, to achieve thinner slices (which
improves spatial resolution), two parameters can be optimized (Figure 2.9):
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2.3. Spatial encoding and k-space

« Increase the gradient strength G,

+ Decrease the RF excitation bandwidth fy.

Gz2
<« <« =
B, B, AZ, AZ,
Smaller Larger
Image Image
Slice Slice

Figure 2.9.: Slice thickness dependence on the gradient strength. The applied RF excitation
pulse B;(t) in the time domain is Fourier transformed (FT) into its frequency
domain. A finite RF bandwidth determines the range of Larmor frequencies
excited. A step gradient G; results in a thinner slice (Az;), whereas a shallower
gradient G, yields a thinner slice (Az2).

To be noted, reducing f;,. can lead to longer pulse durations due to the time-bandwidth
trade-off inherent in Fourier-based signal design. This could affect imaging effective-
ness and be prone to off-resonance effects. Conversely, increasing G, requires stronger
hardware capability and may introduce higher demands on gradient linearity and system
performance.

The interplay between the RF pulse profile and the gradient steepness defines the selec-
tive excitation region (or voxel depth) within the imaging volume. The time dependency
present in equation (2.3) allows for the possibility of switching the gradient on and off.
Depending on the slope of the applied gradient, the separation degree of spin systems is
different. The steeper the gradient slope, the greater the separation (2.9).

Fourier Encoding

To create an MR image of localized spins in an excited slice, 2-dimensional Fourier encoding
is necessary: phase (PE) and frequency encoding (FE) in y-, and x-axes, respectively. Su-
perimposed, time-varying gradient fields induce spatially dependent changes in frequency
and phase within the region of interest (ROI).
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Figure 2.10.: Gradient-echo pulse sequence and Cartesian k-space sampling.(1) A radio
frequency (RF) excitation pulse combined with a slice-selection (SS) gradient
along the z-axis defines the imaging slice. (2) A phase-encoding (PE) gradient
along the y-axis introduces controlled phase shifts; with each repetition time
(TR), a different PE amplitude is applied, thereby encoding lines of k-space.
(3) A frequency-encoding (FE) gradient along the x-axis is applied during
acquisition time (AQ), allowing continuous sampling of spatial frequencies.
The lower timeline illustrates measurement time representing the excitation,

encoding, signal readout at echo time (TE), and repetition across TR.

The PE gradient is applied briefly after the RF excitation pulse and before signal acqui-
sition. This gradient induces a position-dependent phase shift in the transverse magneti-
zation, which remains even after the gradient is turned off. The accumulated phase shift

(¢) is given by:

¢<y>:y~y-/16y<t>dt

to

(2.13)

The phase shift is linearly proportional to position y, which is the basis of phase encoding.
The effective moment via the time integral of the frequency offset determines the gradient
shape (square, trapezoid, sinusoidal), where the area under the gradient controls the

amount of phase shift.

A time-dependent gradient field along the x-axis is applied for the FE step during the
readout process, which causes spins across the object to experience slightly different
magnetic field strengths. At a given time t, the Larmor frequency w (x, t) varies linearly

with position x, which can be exploited by considering 1D imaging given wy:

‘a)(x, t) = wo + wg(x,t) = wg + 27xGy (1) ‘
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2.3. Spatial encoding and k-space

S = / U (x) G0 gy — / ¥(x) e—ifot wG(x.to) dly gy — / ¥(x) e—ianfOt Gu(to) dto 7,

(2.14)

The time-dependent representation of the gradient component G changes in the x is
shown as G,(t). The measured signal S is converted by the Fourier transform of the
spatial distribution (/(x)) and encoded through phase modulation induced by the applied
magnetic field gradients. As a result, spins precess at different frequencies, allowing spatial
encoding along the x-direction.

The resulting signal, known as the echo, is typically centered at the echo time (TE) (see
timeline in the pulse sequence in Figure 2.10), which is the midpoint of the FE period. TE
is the time between the excitation pulse and the center of the echo with the strongest
signal. Depending on the gradient duration and the size of the acquired matrix, the field
of view (FOV) along the x-axis is set by the amplitude of the FE gradient.

k-space

Image Domain k-space Domain

Low

Contrast

Spatial
frequency

Fov,

Figure 2.11.: Spatial frequency encoding and sampling in Cartesian k-space. The image
domain (left) demonstrates the reconstructed anatomy within the defined field
of view (FOV) along the PE and FE. The k-space domain (right) represents the
Fourier-encoded spatial frequency plane. k-space is filled line by line with
Ak, increments across repetition times (TR).
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2. Theory

All spatially encoded signals obtained during the scan are methodically arranged into a
data matrix called k-space to reconstruct an image from raw MRI data. Once all lines of
k-space have been acquired, a two-dimensional inverse Fourier transform is applied to the
fully sampled data. The k-space matrix represents spatial frequency components while
decomposing these components into a frequency domain representation (Figure 2.11).

In a typical 2-dimensional MRI acquisition, the encoding gradient is incrementally
stepped through N, or N, distinct values to sample k-space with the spacing between
adjacent steps defined as Ak, or Ak,:

T
K(xymax = Y/ Gxy)max dt = %(N(x,y) — DAk(xy)
0
1
FOV(xy) = m (2.15)
_ (Nxy — 1)
A(x,y)max = FOV(x )

where FOV, and FOVj, are the field of view in the frequency- and phase-encoding
directions, respectively (Figure 2.11). Consequently, the total extent of sampled k-space in
that direction is (Ak,-1), and each PE gradient amplitude corresponds to a specific line in
k-space.

The central k-space consists of the low spatial frequency components of the image.
These components contain high signal intensity that contributes to overall brightness,
contrast resolution,and is critical for signal-to-noise ratio (SNR). Conversely, the data
points located near the periphery (edges of k-space) have low signal intensity with high
spatial frequency information (Figure 2.11).

The fully sampled k-space yields an image with preserved contrast and structural
detail (Figure 2.12). When only low spatial frequencies are retained (low-pass filter),
overall image contrast is preserved with the trade-off of blurred fine anatomical details. In
contrast, retaining only high spatial frequencies (high-pass filter) enhances edges and fine
structures, while the main contrast and smooth intensity variations are lost. Therefore,
these components are essential for finer spatial resolution and distinguishing small features
with sharpness.

Sampling trajectories

Among the various k-space sampling strategies, Cartesian acquisition is one of the most
commonly used in clinical and research MRI. Cartesian sampling acquires k-space line-
by-line, which starts from one edge of k-space and stops at the opposite edge. Each PE step
is periodically varied in amplitude across repetitions (TRs), which fills a single position
along the ky-axis, defining the vertical location of a line in k-space (Figure 2.13A). After the
application of each PE gradient lobe, an FE gradient is applied during the signal readout
section while acquiring the data along the k,-axis (Figure 2.11). This process samples
horizontal lines of k-space sequentially, with the PE steps progressing line-by-line through
ky, typically in a linear or centric ordering scheme.
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Figure 2.12.: Influence of k-space frequency components on image quality. The left column
illustrates k-space representations with different frequency filters, and the
right column the corresponding reconstructions.

This structured approach allows for systematic and efficient k-space coverage, which
produces high-resolution images without artifacts due to field non-uniformities. However,
this sampling technique has the disadvantage of low temporal resolution due to sequential
coverage of k-space per unit time, which makes it sensitive to motional artifacts.

Cartesian Radial Spiral
- A LA = )
= .
= g .
Ky ky E ky
kx k; kx

Figure 2.13.: Trajectories for Cartesian, radial, and spiral acquisitions and corresponding
MRI pulse sequences.

Non-Cartesian trajectories offer different sampling designs with various features: spiral
and radial. The frequency and phase gradient oscillation and amplitude changes yield
spiral or radial patterns from the central k-space to the edges. The sampling spokes
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2. Theory

through the center (like a wheel) for the radial sampling, which makes it robust to motion
inhomogeneities since each spoke densely oversamples the central k-space where the
low frequency is stored (Figure 2.13 B). Motion artifacts blur edges with high-frequency
content.

In the spiral scheme, time-varying sinusoidal gradients along FE and GE produce a
continuous spiral trajectory, enabling efficient central sampling and reduced acquisition
time. In addition to this sampling similarity, the spiral sampling adds one more advantage of
using continuous gradient flow, thereby minimizing the gradient switching and collecting
many k-space points in a single readout (Figure 2.13 C). Therefore, it is more usable for
fast imaging techniques.

Image quality and resolution

The smallest measurable feature for a given object defines the spatial resolution, which
represents the system’s ability to distinguish between two closely localized structures in
the same signal environment. Image quality is influenced by a combination of acquisition
and system parameters, including:

« Signal-to-Noise Ratio (SNR): Voxel size, magnetic field strength, receiver bandwidth,
and the number of signal averages.

« Contrast-to-Noise Ratio (CNR): Pulse sequence parameters such as repetition time
(TR), echo time (TE), and inversion time (TI), as well as the use of contrast agents.

« Spatial Resolution: Trade-offs between voxel size and scan time.
« Field of View (FOV): Extent of the imaged region.

« Receiver Bandwidth (rBW): Width of bandwidths correlated with susceptibility to
off-resonance effects.

« Gradient Performance: Strength and skew-rate of gradients.

« Acquisition Time: Trade-offs between acquisition time, SNR, and resolution.

Spatial resolution is determined by the extent of k-space sampling and the imaging
matrix size (MTX). As described in non-Cartesian sampling, the pattern of the trajectory
and density of the sample k-space region defines the spatial resolution and FOV. The
highest achievable spatial resolution is restricted by the maximum k-space extent, gradient
timing, and receiver bandwidth as follows:

1 Ni rBW
rBW = — = —Gy

= (2.16)
At 1 y FOV,

where At is the time interval, N, is the number of data points, t; is the sampling time, y
is the gyromagnetic ratio, and FOV is the field of view in the x-direction.

How much detail is preserved in an MR image defined by the size of pixels in 2D
acquisitions or voxels in 3D datasets in a given FOV with a defined matrix size (MTX) and
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Figure 2.14.: Image resolution and voxel. The field of view (FOV) is discretized into a
reconstruction matrix, which determines the physical area (in millimeters or
centimeters) that is represented in the image.

slice thickness (SL). Each pixel or voxel represents the localized signal intensity arising
from a defined volume element within the object. The voxel (in mm?®) dimensions are
defined by the ratio of the FOV to the matrix size:

FOV
Voxel size = | ——| X SL (2.17)
MTX

The spatial resolution is inversely correlated with the size of the pixel or voxel. A
decrease in the dimension of a voxel increases the in-plane resolution at the cost of
increased scan time. With the large size of voxels, the image gets blurred with a low
contrast between two objects located densely. On the other hand, an inadequate sampling
in the frequency direction can cause a known artifact, wrap-around “aliasing.” Therefore,
one of the important criteria must be fulfilled to avoid "aliasing" and find a trade-oft
between in-plane resolution, sampling, and voxel size: The Nyquist-Shannon sampling
criterion.

The digital sampling rate of the MR signal must be at least twice the highest frequency
contained within that signal. The minimum sampling rate in k-space is given by:

1
Ak £ ——
FOV

Overall, the MTX must be large enough to capture all spatial frequencies to fulfill this
criterion. This correlation plays a role in compressed sensing, which is described in detail
in Chapter 2.6.
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2.4. Fastimaging pulse sequences

In the previous section, it was explained how, through a pulse sequence, the electronic
components of the MRI system operate to enable data acquisition. In this chapter, another
important outcome of the pulse sequence is addressed: the measurement time.

The total acquisition time is determined by key pulse sequence parameters: the number
of phase-encoding (Npg) steps, the repetition time (TR), the number of signal averages
(Navg), the number of slices (Ngjice), and the number of signal averages (N,yvg) acquired. By
combining these parameters, the overall scan duration can be described as:

Tacq = Navg - Npg - TR - Nglice (2‘18)

Higher spatial resolution requires sampling more k-space data, which typically results in
longer acquisition times. In practice, a long measurement can increase patient discomfort,
motion artifacts, and limit throughput. Fast imaging techniques with dedicated pulse
sequences aim to accelerate data acquisition without degrading image quality. First, the
traditional MRI protocols of Gradient (GRE) and Spin Echo (SE) are covered by the fast
imaging pulse sequences of turbo/fast spin-echo (TSE/FSE) and echo-planar imaging (EPI).

Gradient- vs Spin Echo

«° GRE 90 ° SE /\
RF V/\ A

Slice i + +
Selection

Gradients

Phase

TE
Perfect

Residual ¥
Dephasing N T, Echo
T,* Echo

Signal FID l

Figure 2.15.: Gradient Echo (GRE) versus Spin Echo (SE) pulse sequences. The diagrams
illustrate the differences in frequency- and phase-encoding steps. GRE forms
the echo by reversing the readout gradient, whereas SE employs a 180° RF
refocusing pulse to rephase spins. The phase evolution of four representative
spins is shown in relation to the applied gradients, and the resulting MR
signal with its echo formation and decay dependence is depicted above.

The typical GRE sequence excites spins in the selected slice with a 90° excitation pulse,
aligning the transverse magnetization in phase. Afterward, a defined phase-encoding (PE)
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2.4. Fast imaging pulse sequences

gradient is applied along the y-axis to impart a spatially dependent phase shift (not shown
in Figure 2.15, which illustrates only four representative spins). A negative frequency-
encoding (FE) gradient lobe is then applied to dephase the spins along the x-direction. The
subsequent positive FE gradient rephases the spins, producing a gradient-recalled signal
derived from the free induction decay (FID). During this rephasing period, when the FID
is sampled, the acquired data fill successive lines of k-space. Each repetition time (TR)
fills one line of k-space corresponding to the applied phase-encoding gradient, and the
complete image is reconstructed after all encoding steps have been acquired.

The SE pulse sequence is structurally similar to GRE. After the PE step, a slice-selective
180° refocusing pulse (applied with the same slice-select gradient as the excitation) inverts
the dephasing that occurred after the 90° pulse and produces a true spin echo at TE = 21
(Figure 2.15, SE). In contrast, in GRE, the flip angle for spin excitation is typically smaller
than 90° (¢ ~ 5°-60°), and the echo is formed without a 180° pulse by first applying
a readout dephasing lobe (—G,) and then a rephasing lobe (+Gy). Slice selection (with
a rephaser) and phase encoding proceed as usual. Because a 180° pulse is not used,
static field inhomogeneities and susceptibility-induced phase errors are not refocused,
causing the signal to decay with T; rather than the true T;. With short TR and small «,
the GRE pulse sequence is time-efficient, enabling rapid 2D/3D imaging and dynamic
studies. GRE is generally more sensitive to flow and motion unless compensated (e.g.,
using flow-compensation gradients).

In a basic SE acquisition, only one k-space line is collected per TR (one echo per TR),
thus, the scan time is relatively long. A strong T, weighting requires a long TE, and TR
is typically made long to minimize T; weighting; together, these choices lengthen the
total acquisition. Each repetition (TR) contributes exactly one phase-encode (Npg) line to
k-space, so the scan time scales as

Timecsg % TR X Npg X NEX X Ngjjces »

which can be long, especially for strong T,-weighting (long TE and typically long TR).

Additionally, achieving full longitudinal recovery of magnetization limits another con-
straint on TR, as it must allow adequate time for T; relaxation. To fully recover T;
magnetization, TR should ideally be at least 5 X T;. For example, the required TR for
complete recovery of tissue water magnetization typically ranges from approximately
1s—4s, depending on the magnetic field strength.

FSE

To improve efficiency, fast spin-echo (FSE) strategies collect an echo train after a single
excitation using successive refocusing pulses. Two widely used approaches are:

« RARE (Rapid Acquisition with Relaxation Enhancement): within each TR,
each echo in the train is assigned a different phase-encode value, so multiple k-space
lines of the same image are filled per TR. The echo-train length (ETL, “RARE factor”)
therefore divides the number of required k-space lines:

. Npg,
Timegarg =& TR X ﬁ X NEX X Nglices »
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i.e., for fixed TR, Npg, NEX, and Nyjices, the total time shrinks approximately in
proportion to 1/ETL. The center of k-space is acquired at a chosen echo, defining
an effective TE. Large ETL and/or long echo spacing increase T,-related blurring
(primarily along the PE direction) and RF power.

« MSME (Multi-Spin Multi-Echo): within each TR’ (extended TR, must be longer
than the total echo train), an echo train of length E is recorded, where E denotes the
number of echoes (and thus the number of different echo times, TEs). All echoes in
one train share the same phase-encode value: echo #1 contributes to the image at
TE;, echo #2 to the image at TE,, and so forth. After Npg repetitions a stack of E
images is obtained at different TEs. However, compared with running E separate
CSE scans to obtain E TEs, MSME acquires all E TE images in roughly the time of
one scan:

TimeMSME ~ TR x NPE X NEX X Nslices VS. TimeCSE =EXTRX NpE X NEX X Nslices S

giving a dataset-level speed-up ~ E X (TR/TR’). Because each TE image is built
from lines acquired at the same TE, MSME avoids TE-mixing (no T, blurring across
k-space) and is well-suited to T, mapping. Later-TE images, however, have lower
SNR due to T; decay.

With TR = 3 s and Npg = 128:
« CSE for E = 4 TEs (sequential): 4 x 3 x 128 = 1536 s (25.6 min).
« MSME with E = 4 echoes per TR: 3 x 128 = 384 s (6.4 min).

RARE accelerates a single image by filling ETL phase-encode lines per TR (time o
1/ETL), at the cost of T, blurring. MSME accelerates multi-TE acquisition by echo-
multiplexing across TE (time ~ one SE scan for E TEs), preserving clean TE-specific
contrast for T, mapping but not shortening the per-image acquisition time. Thus, MSME
is ~ 4x faster for the full multi-TE dataset, whereas RARE is faster per image by a factor
~ ETL.

In CSE, one echo is acquired per TR, and TE, ¢ is defined by the single k, = 0 acquisition.
In FSE, a train of refocusing (180°) pulses produces multiple echoes, each filling a different
ky line; the effective TE corresponds to the echo at which the central k-space line (k, = 0)
is sampled (Figure 2.16).

EPI

In a standard spin-echo sequence (as described above), each excitation is used to acquire a
single line of k-space. In contrast, Echo Planar Imaging (EPI) utilizes the concept of rapid
gradient switching to fill the entire 2D k-space in a single, continuous trajectory.

In Figure 2.16, a schematic EPI sequence is shown with a series of gradient echoes
formed by rapidly oscillating the readout gradient along the FE direction, while applying
a series of small gradient "blips" along the PE direction between successive readouts. This
creates a zigzag trajectory pattern to enable fast traversal of Cartesian k-space in a single
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Figure 2.16.: Spin-echo-based acquisition schemes and corresponding k-space trajectories.
Pulse sequence diagrams for Conventional Spin Echo (CSE), Fast Spin Echo
(FSE/RARE, factor = 5), and Echo Planar Imaging (EPI). k-space schematics
(bottom row) illustrate the different filling patterns: single-line Cartesian
filling (CSE), multi-echo segmented filling (FSE), and continuous zig-zag
readout (EPI).

excitation. In EPI, an initial PE prephaser places the trajectory at -k;,,.. = 0, and successive
PE blips increment line-by-line during alternating FE readouts; the effective TE is again
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determined by the echo coinciding with k;, = 0.

The true snapshot capability enables the acquisition of a complete image within a fraction
of a second.Its high sensitivity to magnetic field inhomogeneities is a key limitation of this
trajectory. The inhomogeneities cause such artifacts as geometric distortions, T, signal
loss, and phase errors.
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2.5. Contrast Imaging

The versatility of MRI lies in its ability to exploit various contrast mechanisms, such as T;-
and T,-weighted imaging, to highlight specific molecular characteristics or physiological
phenomena. CNR is one of the major parameters influencing image quality, especially the
ability to distinguish and characterize certain properties of a molecule (binding interaction,
tissue density, etc.) reflected in the signal intensity variations of the voxels on the image.

Contrast is governed by numerous parameters divided into intrinsic and extrinsic factors
(shown in Table 2.3) that influence the net magnetization behavior during image acquisition.
In this chapter, only T; relaxation and paramagnetic contrast agents will be discussed.

Table 2.3.: Intrinsic (sample) and extrinsic (acquisition) parameters governing MR image

contrast.
Intrinsic Parameters Extrinsic Parameters
Proton density Static and gradient field strength
T; relaxation Magnetic field homogeneity
T; p relaxation Type of coil
T, relaxation Number of slices, slice thickness, and gaps
Temperature Number of averages
Chemical shift Pulse shape/bandwidth
Diffusion MTX and FOV
RF pulse sequences and TR-TE parameters
Contrast-enhancing agents

T, weighted images

To emphasize the T, contrast in an MR image, imaging parameters must be adjusted, due
to the fact that no MR image is governed by only one of the relaxation mechanisms. That
is the reason the MR images are called T; or T, "weighted" (sensitive) (T1W, T2W).

Depending on the relaxation times of the molecule of interest, the signal intensity varies,
allowing its sensitivity to be modulated by the pulse sequence parameters TE and TR
(Figure 2.18), which is reflected in the contrast of monitored molecular properties.

TR mainly controls the T1W, and it must be set long enough to minimize the T; effect
to acquire only T; relaxation-dominated images. A short TR enforces T;-weighting by
emphasizing sample-specific differences in T; relaxation, whereas a long TR allows full
recovery of longitudinal magnetization, reducing T; influence and permitting proton
density (PD) or T, weighting (Figure 2.18, bottom).

The extent of T, decay before TE controls signal acquisition. In a spin-echo sequence,
T, relaxation time contributes to the final signal intensity S as:

_TR\  _TE
SOC(I—e Tl)-e T (2.19)
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Figure 2.17.: Contrast mechanisms as a function of repetition time (TR) and echo time
(TE). (Above) The length of the TE influences the sensitivity to T, relaxation
differences, thereby affecting the image contrast. (Bottom) Depending on the
TR and TE choices, the resulting contrasts in brain imaging are shown: short
TR with short TE produces T;-weighted images (T1W), long TR with short TE
yields PD weighting, and long TR with long TE provides T;-weighted (T2W)
contrast.

The longer the chosen TE, the greater the differentiation,T, which is essential for the
T,-weightening (Figure 2.18 bottom). Choosing a short TE can cause sufficient T, decay,
suppressing the image contrast, whereas excessively long TE values reduce overall signal
intensity due to decay from all samples with different T, values. A combination of short
TR and long TE results in poor image contrast due to simultaneous T; saturation and T
decay.

One of the main contributions to the T, relaxation time is molecular tumbling, char-
acterized by the rotational correlation time .. The rotational correlation time 7, cannot
be measured directly, as molecular tumbling occurs on the picosecond to nanosecond
timescale. Instead, 7. is inferred indirectly from relaxation measurements—most commonly
through the analysis of Tj, T, and nuclear Overhauser effect (NOE) data by fitting to the-
oretical models such as the Bloembergen-Purcell-Pound (BPP) framework. According
to the BPP theory, the efficiency of relaxation depends on the relationship between the
molecular motion and the Larmor frequency w,. Local magnetic field fluctuations that
occur near @, are most effective in inducing relaxation and therefore shorten T;.

Image contrast in T,-weighted (T2W) imaging is directly influenced by this molecular-

34



2.5. Contrast Imaging

scale behavior. In general, small, rapidly tumbling molecules (e.g., free water in low-
viscosity environments) exhibit relatively long T, values, since their rapid motions av-
erage out local magnetic field variations. In contrast, larger or more slowly tumbling
molecules (e.g., macromolecules, bound water, or protein-bound contrast agents) often
show shorter T, values when their tumbling rates approach the Larmor frequency. How-
ever, this relationship is field-dependent — at very high magnetic fields, where wy is large,
even moderately mobile molecules can experience increased relaxation.

Consequently, the observed T;-weighted contrast depends on both molecular motion
and magnetic field strength. The image contrast can be adjusted experimentally via the
echo time (TE) and repetition time (TR): long TE (with an appropriately long TR) enhances
sensitivity to T differences, improving T,-weighted contrast, whereas short TE reduces it.

PRE Contrast agents

An alternative strategy for enhancing image contrast involves the use of paramagnetic
contrast agents, which accelerate relaxation processes and thereby reduce the required
measurement time. These agents perturb the local magnetic environment of nearby nuclei
through indirect, non-covalent interactions (Figure 2.18).

In particular, gadolinium (Gd)-based compounds are widely used as T; contrast agents
in molecular and clinical imaging [7-9]. Their unpaired electrons create fluctuating local
magnetic fields that enhance the longitudinal relaxation rate, leading to signal enhancement
(brightening) in T;-weighted images. At very high concentrations, secondary effects on
T, relaxation can occur due to increased local susceptibility, but under typical imaging
conditions, the dominant mechanism is T; shortening.

H,0
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TR Fluctuating local
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Figure 2.18.: Paramagnetic relaxation effects on water molecules by a contrast agent Gd**
ion in solution. Water molecules in the inner sphere are directly coordinated
to the paramagnetic center, with their residence lifetime (7)), while water
molecules in the outer sphere interact through diffusion and hydrogen bond-
ing. The electron spin and nearby protons are coupled by the internuclear
distance r spatially, while water molecules tumble with a rotational correla-
tion time (zR).

35



2. Theory

Gadolinium (Gd**) has seven localized unpaired electrons. Among other contrast agents
(manganese, dysprosium, and iron), it generates significant magnetic dipole fluctuations
through perturbations of the local magnetic field. The effect on the relaxation properties
resulting from the dipole-dipole interaction between the unpaired electrons of the param-
agnetic agent and nearby nuclei is known as the paramagnetic relaxation enhancement
(PRE).

The contrast is distance-dependent (r) relaxation enhancement based on the Solomon—
Bloembergen theory. This is expressed as,

7c

_ =6
Jsp(w) =T T+ (wr)?

(2.20)

which explains the correlation between the molecular motion (z¢), the spectral density
function (Jsp(w)), and the importance of matching the frequency to the Larmor frequency
(w) of the observed nuclei. The PRE efficiency increases with the PRE-agent concentration
[CA] and influences the relaxation rate of the observed nuclei (1/Tyor 1/T3) that is quantified
as relaxivity (r; or r1) with the knowledge of the inherent relaxation rate of the molecule
in the absence of the agent in equation 2.21.

Lo [cAl——
—
12 l TlngPRE

(2.21)

A reduction in the longitudinal relaxation time (77) enables the application of shorter
repetition times (TR) while maintaining equivalent signal intensity, as described by Eq. 2.19.
To achieve optimal image contrast in MRI, both the selection of pulse sequence parameters
such as repetition time (TR) and the incorporation of biophysical effects introduced by
PRE-agents play an essential role.
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2.6. Compressed Sensing

Another acceleration mechanism for imaging time is Compressed Sensing (CS) that utilizes
the k-space reconstruction technique. CS in MRI exploits the sparsity feature of an image
in a transform domain (e.g., wavelets, total variation), so undersampling can be applied in
the k-space (acquisition domain), such as taking fewer phase-encoding lines. Therefore, it
introduces image artifacts (e.g., ghosting). During reconstruction, an iterative optimization
algorithm requires three essential aspects:

« Signal sparsity: A sparse representation of the acquired signal must be present in a
known and mathematically fixed domain (k-space or transform domain).

« Incoherence sampling pattern: Random k-space sampling in the acquisition domain
ensures optimal suppression of image artifacts.

+ Nonlinear reconstruction: Algorithm necessary for the image recovery from under-
sampled data.

Sparsity

The most important criterion for undersampling is the sparsity, which should exist either
in the acquisition (k-space) or transform domain in the reconstructed image. An image
exhibits low sparsity in the acquisition (Fourier) domain but can be represented sparsely in
transformed image domains (e.g., wavelets) (Figure 2.19). The sparsity is prior knowledge
for assumptions about the amount of acquired data that can be reduced while preserving
the accurate reconstruction ability.

Uniform Structured Ghosting

Wavelet Transform
Image Domain Acqusition Domain

Undersampling Artifacts
Random Incoherent Ghosting

ngh sparsity No sparsity

Figure 2.19.: Sparsity and undersampling patterns with resulting artifacts. Undersam-
pling in k-space leads to aliasing artifacts: uniform undersampling produces
structured ghosting, whereas random undersampling produces incoherent
artifacts.
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Most MR images are compressible. The sparsity in the transform domain is due to
large regions of similar signal intensity with sharp edges in the image. Sharp edges
are represented with just a few wavelet or finite coeflicients with nonzero values, with
many zeros (noise or background signals). Compressing only the largest coefficients, the
measurement time is reduced with less or no information lost. One of the common usages
of the wavelet transformation for compression is image coders like JPEG-2000 [10].

Incoherence sampling

Sampling is incoherent when the MR signal is sparse in the transform domain, whereas
it does not have a sparse representation in the acquisition domain (k-space). Random
undersampling of phase encoding in the acquisition domain produces incoherent artifacts
due to the violation of the Nyquist criteria. Encoding fewer PE-lines by skipping the lines
randomly spreads the missing data irregularly. This results in noise-like artifacts rather
than a structured ghost when skipping the PE-lines periodically. The ghost artifact is
structured by applying a uniform undersampling pattern and is incoherent in the case of
random undersampling,.

Randomized noise can be distinguished from the true sparse signal during CS reconstruc-
tion, like wavelets/TV minimization, because the caused ghosting artifact is not replicated
and shifted periodically across the field of view overlapped with the real image.
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2.7. MR indrug discovery

Drug-related MR parameters

The MR signal inherently captures the full molecular fingerprint of the protein-ligand
binding event, which takes advantage of chemical exchange with the bound and unbound
states. Physical consequences of the binding event, including thermodynamic, kinetic, and
dynamical alterations, are reflected in line width and signal intensity of the NMR signal
due to longitudinal (T7) and transverse (13) relaxation effects (Figure 2.20).

Observing different components of the protein-ligand complex allows access to different
aspects of the binding mechanism: chemical environmental changes, binding kinetics,
competition, conformational dynamics, and binding sites on the protein surface. Protein
observed MR experiments face the challenges of the need for large amounts of labeled
protein, measurement limitation on the protein size (larger and more protein amount,
longer measurement times), and complex protein spectra for further assignment.

Ligand-observed MR experiments bring several advantages over protein-observed such
as the usage of small amounts of protein, typically at low micromolar concentrations, since
the only relevant signal changes come from the monitored ligand upon protein binding.
As there is no need for > N- or *C-labeled protein, ligand-observed experiments are low
in cost and complexity.

Another important advantage is their suitability for high-throughput screening. Ligand-
detected methods such as Water-Ligand Observed via Gradient SpectroscopY (Water-
LOGSY), saturation transfer difference(STD)-NMR, and arr-Purcell-Meiboom-Gill(CPMG)
relaxation dispersion experiments can be rapidly applied and are easy to automate. These
advantages make ligand-detected experiments well-suited to screening large compound
libraries. Another important advantage is straightforward analysis of the ligand signal,
which is typically sharp and well-resolved, even in cases of low-affinity fragments (affinity
will be discussed later).

Upon ligand binding, the most pronounced changes in MR parameters are typically
observed in the relaxation behavior of the ligand, specifically in the T; and T, relaxation
times, as well as in the chemical shift. These changes arise due to alterations in electron
cloud polarization (ojs,, isotropic part of the shielding tensor), such as displacement of
surface water molecules upon ligand binding or conformational adjustments of the protein.

Relaxation parameters provide insight into changes in molecular tumbling rates, the
mobility of the observed molecule, and fluctuations in the local magnetic field. In the case
of T; relaxation, the effective molecular weight of the ligand increases upon association
with a protein, leading to slower rotational motion and enhanced dipole-dipole interactions.
The orientation of the molecule relative to the external magnetic field is influenced by the
symmetry and distribution of the surrounding electron clouds, which contribute to the
local magnetic environment.

Variations in molecular motion also affect T, relaxation, which is reflected in the width
and intensity of the MR signal. The full width at half maximum (FWHM) of the signal, in
hertz, is directly proportional to the transverse relaxation rate constant R, (see Figure 2.20).
In linear frequency units, this relationship is expressed as:
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Figure 2.20.: Drug-related NMR parameters of ligand binding. The resonance frequency (w)
reflects the chemical environment of the ligand (L), enabling discrimination
between free or (Lfe.) displaced by competitor (C) and protein (P) bound
(Lpound) states via chemical shift (w). The signal intensity (SI) is proportional
to the population of each state, while the linewidth (Vrwgar) reports on
relaxation processes and molecular dynamics.

R
FWHM (Hz) = —=
JT

Alternatively, in angular frequency units (rad/s), the relationship becomes:

FWHM (rad/s) = 2R,

The shape and local electron density distribution of a molecule’s electron clouds are
critical to its chemical environment. Electrons shield nuclei from the external magnetic
field through diamagnetic and paramagnetic induced currents, leading to changes in the
chemical shift. This shift appears as the position of the signal along the spectral axis and
reflects the precession frequency of the nucleus. In MR experiments conducted with an
excess of ligand, changes in chemical shift can provide quantitative information about
ligand binding.

Together, T; and T, relaxation times, along with chemical shift perturbations, serve as
sensitive indicators for detecting and characterizing ligand-protein interactions. Their
quantitative and mechanistic interpretation enables insights into binding kinetics, affinity,
and dynamic exchange processes.

Enzyme as drug target

The search for biologically active substances capable of relieving pain, treating illness, or
prolonging life has been a central pursuit of drug discovery projects since the earliest days
of civilization. Obtaining insights into these substances, drugs, is important to understand
biology and find ways to manipulate physiological processes.

A ligand is a small molecule that forms a complex upon reversible binding to a target
biomolecule, most commonly a protein, non-covalently (Figure 2.21, trypsin with a ligand
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BZD). Proteins are polymers composed of amino acids, which serve as the fundamental
building blocks of their structure and function. The spatial structure of the binding site
determines the ability of the binding of a ligand with a protein. The interaction occurs by
non-covalent forces such as hydrogen bonding, van der Waals interactions, electrostatic
forces, and hydrophobic effects.

Trypsin

Figure 2.21.: Interaction of benzamidine (BZD) with trypsin. The overall trypsin (protein)
is shown as a cartoon (light blue) with the catalytic triad residues (His57,
Asp102, Ser195) and the specificity-determining Asp189 highlighted in yellow
sticks. The positively charged amidinium group of benzamidine (cyan) forms
a salt bridge (red dotted line) with Asp189 inside the S1 pocket.

Upon binding, conformational changes in the protein are induced, which modulate its
activity, stability, or interaction with other biomolecules. The activity of many biological
processes can be promoted, including enzymatic catalysis, signal transduction, transport,
and gene regulation. Ligands with a function of activating the receptor are classified as
agonists and antagonists if they inhibit its function.

One important mode of enzymatic regulation is reversible inhibition, in which small
molecules compete with natural substrates for access to the active site (Figure 2.21). Benza-
midine (BZD) binding to trypsin is a well-characterized model system of this mechanism.
BZD is a low-molecular-weight ligand to the serine protease trypsin; it specifically occu-
pies the S1 binding pocket. Its amidine group mimics the positively charged side chain
of arginine, enabling electrostatic interaction with the negatively charged Asp189 and
stabilizing the binding.

Binding affinity

Molecular recognition and biofunctional feedback of a binding event is determined by the
specificity and affinity of ligand binding. Insight into protein-ligand interactions provides
information on many molecular mechanisms underlying cellular function and regulation.
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Streptavidin

Figure 2.22.: Streptavidin—biotin complex (PDB ID: 1STP). Streptavidin is shown as a
cartoon (light purple) with its molecular surface rendered semi-transparent.
Biotin is displayed in stick representation and highlighted in yellow.

The strength of the association between a ligand [L] and protein [P] is referred to as
binding affinity and reflects how tight the binding of the protein-ligand [PL] complex
is. The affinity is characterized by using equilibrium dissociation constants of Kp and is
quantified using the equation 2.22. Considering thermodynamics of the interaction, Kp
represents the thermodynamic equilibrium between the bound and unbound (dissociated)
states of a protein-ligand complex (Figure 2.20). The lower Kp value, the stronger the
binding between two molecules.

[P][L]
[PL]

Kp = (2.22)

Typical therapeutic compounds exhibit in the range of high (sub-nanomolar) to moderate
(low-nanomolar) affinities. The most well-known example of a strong binding affinity
occurs between biotin and streptavidin (Figure 2.22) with a Kp ~ 107> M [11].
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2.8. Ligand-based 1°F-MR

Approximately 20-25% of Food and Drug Administration (FDA)-approved drugs on the
market contain at least one fluorine atom [12], including well-known examples such
as Fluoxetine (Prozac), Ciprofloxacin, Atorvastatin (Lipitor), and Fluticasone (2.23). The
introduction of fluorinated functional groups in pharmaceuticals enhances drug properties,
making them highly favorable in the pharmaceutical industry.

Due to the strong carbon-fluorine (C—F) bond, which arises from fluorine’s high elec-
tronegativity, fluorinated drugs often exhibit greater metabolic stability, increased mem-
brane permeability, and tunable acidity (pK,). Furthermore, because fluorine is the smallest
halogen, it can fit into receptor binding sites with minimal steric hindrance, allowing other
parts of the molecule to interact effectively with biological targets [13].
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Antidepressant Antibiotic Antihyperlipidemic Corticosteroid

Figure 2.23.: Representative-Fluorinated blockbusters

High sensitivity of °F

The amount of fluoride ions (F~) in the human body is small (e.g., in bones and teeth after
fluoride exposure) and undetectable due to the negligible presence of the molecular environ-
ment and the low mobility required for molecular imaging. This enables background-free
detection for investigations based on protein-ligand interactions, unlike conventional
proton MRI, which has a background signal originating from water and fat protons in
biological tissue. This results in high specificity and contrast for fluorine-containing
compounds.

9F is an NMR-active nucleus with a spin of 1, a gyromagnetic ratio (83% of the sensitivity
compared to 'H) with 100% natural abundance that leads to great signal response to changes
in the magnetic field, which translates into high MR sensitivity.

Relaxation contributions of 1°F

The combination of no background signal arising from the observed medium, such as buffer
or protein, and the high sensitivity of the observed '’F-MR signal, makes °F molecular
imaging a valuable tool in detecting ligand-target interactions for early drug discovery.
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Ligand-based (LB) '’F-molecular imaging can exploit these unique properties of the fluorine
nucleus to monitor signal alteration upon binding.

Depending on the interactions between the spins and their surrounding molecular
environment, MR signals relax back to their equilibrium state differently, which translates
to different Tprelaxation times linked to molecular tumbling and plays a critical role in
determining spectral resolution and sensitivity. The transverse relaxation rate (R;) of
F nuclei is a powerful parameter in MR studies because it demonstrates underlying
mechanisms involving time-dependent magnetic field fluctuations: variations in the local
magnetic field, measured by dipole-dipole coupling (DD), and in chemical shift, known as
chemical shift anisotropy (CSA).

Figure 2.24.: 1F NMR relaxation mechanisms for the high sensitivity for ligand-protein
binding detection. A fluorinated ligand (left) undergoes from a mobile, free
state to a rigid, protein-bound state (right). Upon binding, the ligand’s motion
slows down, enhancing contributions from the ’Fchemical shift anisotropy
(CSA). In addition, F nuclei experience strong dipole—dipole (DD) interac-
tions with nearby protein protons depending on the internuclear distance (r).

Nuclear spin state transitions can be induced by the magnetic field fluctuations in
case of matching the energy gap between spin states and the right frequency content.
Transition efficiency depends on the frequency components of those fluctuations, which
are described by the spectral density function, J(w). J(w) quantifies the amplitude of
magnetic fluctuations at a specific frequency o, and the relevant frequency is typically
the Larmor frequency (wy) for T;- and a mix of zero frequency and w, for T; relaxation
mechanisms.

The F nucleus exhibits a large chemical shift anisotropy (CSA) spanning several
hundred parts per million, as it experiences an anisotropic electronic environment due to
its high electronegativity and sensitivity to local chemical surroundings. The efficiency
of CSA-mediated relaxation depends on the product of the Larmor frequency and the
rotational correlation time (w7.). When molecular motion slows, 7. increases, and if
woT, = 1, the spectral density at w, reaches its maximum, resulting in the strongest CSA
contribution to transverse relaxation and thus broader NMR linewidths. Higher magnetic
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fields have a bigger effect on 1?F-CSA because its contribution is proportional to the square
of the magnetic field strength (wr) [14]:

1 2 9 9 2 1/2
— =—(o) -0 ) 'wst. | =+ ———— 2.23
T, 15( I +) FC(S 1+w%rc2) (2.23)

In the bound state of a fluorinated ligand attached to a large macromolecule, the over-
all tumbling of the complex slows down, reducing the motional averaging of the CSA
interaction [15]. The shielding anisotropy of the °F nucleus (o — 0, ) remains large,
and CSA-driven relaxation becomes more efficient. Consequently, the T; relaxation rate
increases, leading to line broadening in NMR spectra or signal darkening in T,-weighted
F MRI.
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2.9. 1°F MR competition experiments

In recent years, substantial progress has been achieved with ligand-based NMR methods
such as STD and CPMG experiments, which enable the direct quantitation of binding
affinities within the fragment range (low M to low mM) [14, 16]. Despite these advances,
direct binding affinity measurement approaches remain inherently constrained in both
throughput and information content, as each new ligand typically requires dedicated
optimization of experimental conditions and parameter settings. Indirect, competitive
binding experiments overcome these limitations by relying on a relatively small set of
well-characterized reporter molecules, for which the optimization of MR parameters and
detailed characterization of the binding site need only be carried out once. This strategy
not only streamlines the experimental workflow but also increases the efficiency of ligand
screening campaigns.
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Figure 2.25.: Fluorine-based affinity competition screening (FAXS). The reporter ligand
containing a fluorine group yields distinct ’F MR signals (signal intensity, SI)
in the free (blue) and protein-bound (green) states. In titration experiments
with increasing concentrations of a competitor ligand (orange), the reporter
ligand is displaced from the binding pocket, resulting in a progressive recovery
of the free reporter signal.

19F MRI offers high sensitivity to molecular interactions due to its strong CSA, improving
its utility for detecting binding events. Building on this, methods such as *F-based
exchange screening (FAXS) exploit both CSA effects and chemical exchange to detect weak
and transient ligand binding, thus enabling rapid screening of fragment libraries or lead
candidates with high sensitivity and throughput.

This methodology was first introduced by Dalvit et al. as a competitive binding assay
that uses a fluorinated weak-affinity ligand as a reporter ligand, which can be displaced by
stronger competitors upon protein binding [17-19]. To monitor this displacement event, a
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CPMG pulse sequence is applied with a ligand-specific T,-filter. The underlying principle
is that the reporter ligand shows a markedly reduced T, relaxation time when it is bound
to the protein, whereas its T, is long in the free state. Consequently, the displacement of
the bound reporter ligand by a stronger competitor leads to a recovery of the T,-weighted
signal.

Protein-ligand binding kinetics are governed by the on- and off-rates of complex forma-
tion and dissociation, which are reflected in NMR by the exchange rate k. between bound
and free states. The dissociation constant, Kp = [ﬁlﬁ] = ],i"“, quantifies the equilibrium
between free protein, free ligand, and the protein-ligand Cc(;;nplex.

The exchange rate modulates NMR observables such as chemical shifts and relaxation
rates and can lead to different apparent values. This dependence is commonly rationalized
by distinguishing three limiting exchange regimes (slow, intermediate, and fast), defined by
the relative magnitude of kex with respect to the frequency and relaxation-rate differences
between free and bound states. In the fast-exchange limit, the conditions:

|wF - Q)Bl < kex and |R2,F - RZ,Bl < kex

must be fulfilled [15]. Under these fast-exchange conditions, NMR detects a single reso-
nance whose position and transverse relaxation rate are given by population-weighted
averages of the free and bound states and can be described by relatively simple expressions.
In contrast, in the slow-exchange limit:

|or — wB| > kex and  |Ryr — Ry > kex,

separate signals for free and bound species are observed at their respective chemical shifts,
with signal intensities proportional to their populations and apparent relaxation rates that
are modulated by the lifetimes of the two states:

kéx = koft + kon[P] kfx = Koff + kon[L]

(wF — COB)ZPFPB
kex

Ry fast = prRor + ppRop +

Wfast = PFWF + PBWB

Definitions of the parameters:

o KLE: exchange rate of the ligand or protein, describing the transition of the ligand
from the protein-bound state to the free state.

kon: bimolecular association rate constant and k.g dissociation rate constant of the
protein-ligand complex.

« [P, L]: concentration of free (unbound) protein or ligand.
« pr.p: fractional population of the free or bound ligand

+ R, r: intrinsic transverse relaxation rate of the free ligand.
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+ R, p: intrinsic transverse relaxation rate of the protein-bound ligand.

* R, fast: Observed transverse relaxation rate under fast-exchange conditions (population-
weighted).

+ wr p: resonance frequency (chemical shift) of the free or bound ligand.
+ weg: population-weighted averaged resonance frequency under fast exchange.

The competitive 1’F-NMR assay operates in the fast-exchange regime. Here, the reduc-
tion in T, upon binding is manifested as line broadening in the MR spectrum (Figure 2.25).
The broadening arises because the bound ligand experiences restricted molecular tum-
bling, increased local magnetic field fluctuations, and a substantially shorter transverse
relaxation time. In a two-state fast-exchange system, the observed linewidth reflects the
effective transverse relaxation rate R; o5, Which is a population-weighted average of the
free and bound contributions. Since the bound state exhibits a very short T, (large Ry),
even a modest bound population leads to notable broadening of the observed resonance.
Displacement of the reporter ligand by a stronger competitor shifts the equilibrium toward
the free state, decreases R; o1, and thereby produces the characteristic T,-weighted signal
recovery that is used to quantify binding in this assay.

For the assay to be sensitive to displacement, there are several requirements to be
fulfilled. First, the reporter ligand must exhibit a suitable affinity to the protein (detailed
later in this section). At the same time, the bound state must induce strong T;-shortening,
ensuring a large relaxation contrast between the free and bound forms. Thus, the optimal
reporter ligand combines low affinity with a pronounced difference in transverse relaxation
properties, maximizing the dynamic range of the competitive assay.

Next, the competitor ligands and the reporter ligand must compete for the same binding
pocket on the protein. Once the conditions are optimized, the signal alteration in the
reporter ligand delivers two important points for competition experiments:

« The displaced fractions (F in %) of the bound reporter ligand using R, values of
three experiments consisting free reporter ligand R, ., bound reporter ligand under
non-competitive conditions R; ». and displaced reporter ligand R, . upon competition:

(2.24)

R,.— R
leoo*(1—2’c—2’f)

R2,nc - RZ, f

+ Quantitative determination of the inhibition constant (K¢), under the knowledge of
the reporter ligand’s dissociation constant (Kp), competitor [C] & reporter ligand
[L1] concentrations:

(100 - F)[C]Kp
© 7 F([Lr] + Kp)

(2.25)
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A suitable reporter ligand for F ligand-observed assays should fulfill several physico-
chemical and spectroscopic criteria to enable quantitative competition measurements [15,
20]:

+ Moderate affinity toward the target protein (Kp in the low micromolar range) to
ensure partial binding equilibrium and allow measurable displacement by competing
ligands [14, 16].

« Fast exchange regime on the NMR timescale, leading to averaged signal prop-
erties (chemical shift or relaxation rates) that respond sensitively to binding and
displacement [21].

- Single, well-resolved 'F resonance far from other fluorinated species, enabling
unambiguous signal integration and minimal spectral overlap [22].

« High aqueous solubility and chemical stability, preventing aggregation or
precipitation at micromolar concentrations [23].

+ Adequate relaxation properties (71, 1) providing sufficient signal-to-noise ra-
tio (SNR) for detection within short experimental times, especially relevant for
parallelized or imaging-based assays [24].

These properties ensure that a partial binding equilibrium can be established, allowing
quantitative monitoring of competition while maintaining measurable signal differences
between the free and bound states.

To experimentally demonstrate these principles in a controlled and well-understood
system, we selected the trypsin—benzamidine pair as a model for '°F reporter development
and validation. Trypsin is a serine protease that catalyzes the hydrolysis of peptide
bonds on the carboxyl side of basic amino acids such as lysine and arginine. Its active
site contains a catalytic triad (His57, Asp102, Ser195) and a negatively charged S1 pocket
that provides specificity for positively charged substrates and inhibitors (Figure 2.21). Due
to its well-characterized structure and predictable binding behavior, trypsin serves as an
ideal model enzyme for investigating protein-ligand interactions.

Benzamidine is a classical competitive inhibitor of trypsin that mimics the guani-
dinium group of arginine and binds strongly within the S1 pocket through electrostatic
and hydrogen-bond interactions. This well-understood interaction has been extensively
employed as a reference system for benchmarking protease inhibition and validating novel
analytical approaches for binding studies.

Building upon this established model, we employed 4-trifluoromethylbenzamidine
(TFBA) as a '°F reporter molecule for MRI-based ligand screening. TFBA fulfills the
criteria of an ideal reporter ligand, as summarized below:
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(i) TFBA is structurally related to benzamidine, a well-established trypsin inhibitor,
and therefore binds reliably to the catalytic site of trypsin.

(ii) The trifluoromethyl group provides a single, sharp °F resonance, facilitating quanti-
tative detection without spectral overlap.

(iii) Upon binding to trypsin, molecular tumbling of TFBA is restricted, which enhances
chemical shift anisotropy (CSA)-mediated relaxation and leads to pronounced T,
shortening of the fluorine signal, thereby producing strong relaxation-driven contrast
in MRI.

(iv) TFBA can be competitively displaced by non-fluorinated ligands such as benzamidine,
enabling indirect detection of clinically relevant, non-fluorinated drug candidates.

Taken together, the trypsin-TFBA system provides an ideal and well-characterized

platform to validate parallelized F-MRI-based ligand screening as a rapid and quantitative
approach for enzyme-inhibitor interaction studies.
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3. Sample Parallelization and Image
Optimization

This chapter is based on work conducted in collaboration with Francisco Ayuso
Penna, Dr. Mazin Jouda, and Ajmal Jamal. FAP designed the sample holder for
NMR tubes. The YF-RF coil hardware was manufactured and optimized for '°F-
MRI experiments. The capillary sample holder was designed and fabricated by AJ.
The content of this chapter focuses on image quality assessment and parameter
optimization for parallelized sample acquisition utilizing different sample holder
designs, where multiple samples were imaged simultaneously along one frequency-
encoding dimension.

3.1. Introduction

Magnetic resonance imaging (MRI) combines the principles of nuclear magnetic resonance
(NMR) with spatial encoding to create image contrast. MRI can encode a variety of
contrast mechanisms into the image, including spin density, nuclear relaxation properties
(transversal and longitudinal relaxation), and transport processes such as diffusion and
flow [25-29]. These versatile contrast mechanisms make MRI particularly attractive for
spatially resolved detection of molecular interactions across diverse physical and chemical
environments. However, the ability to encode such rich information is inherently linked
to long acquisition times (see Chapter 2.4), since each form of contrast requires repeated
signal averaging or additional phase-encoding steps. As a result, MR techniques are often
constrained by limited measurement throughput (Figure 3.1). The main limiting factors
include:

« Individual sample loading, which constrains parallelization, increases total acquisi-
tion time, and requires repeated system stabilization (e.g., shimming).

+ Low (sub-micromolar) analyte concentrations, which reduce SNR and necessitate
extensive averaging.

+ Sequential sampling schemes (e.g., conventional phase-encoded acquisitions), which
extend total acquisition time.

« Long T; relaxation times of observed molecules, which set a lower bound on repeti-
tion rates between scans.
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Figure 3.1.: MR instrument hardware and software modification possibilities for higher
throughput. (A) Conventional single-sample setup with one RF coil and sequen-
tial acquisition. (B) Parallelized setup with multiple samples localized through
spatial encoding and/or multi-coil arrays for simultaneous signal reception.

« Diffusion and molecular motion in solution, which broaden lines and reduce coher-
ence during imaging gradients.

Parallelization and miniaturization are therefore critical to improving efficiency in
both data acquisition and sample handling. Several methodologies have been developed
to accelerate MR data collection. Strategies include flow-through systems, microfluidic
devices, and positioning bundles of samples within the sensitive volume of a single RF coil.
These approaches are rooted in hardware design, as they directly determine how many
distinct samples can be interrogated simultaneously within a given detection volume of
the MR instrument.

In flow-through systems, parallelization is achieved temporal manner: multiple samples
are transported sequentially through a single coil via continuous or segmented flow,
enabling automated high-throughput measurements while minimizing dead time between
acquisitions [30-32]. Microfluidic platforms extend this concept by spatially separating
small sample compartments (e.g., droplets or microchannels) within a compact chip, which
can be integrated into stripline or planar coils to allow many samples to be probed in
parallel [33,34]. In contrast, sample bundles address parallelization at the macroscopic
scale, where multiple NMR tubes or capillaries are positioned within the same RF coil
active volume [35]. This requires proposed coil design and spatial encoding strategies to
distinguish signals originating from each compartment while maintaining homogeneous
excitation. In all three cases, the common principle is to re-engineer the physical sample
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environment such that either space (multiple compartments), time (flow sequences), or
both are exploited to increase throughput beyond that of conventional single-sample
measurements.

While these hardware strategies expand the number of samples that can be positioned
within the detection region, there are also advanced signal acquisition schemes. In par-
ticular, multi-receiver architectures, when integrated with parallelized pulse sequences,
enable simultaneous acquisition and maximize the information content of a single exper-
iment. Examples include Parallel Acquisition NMR Spectroscopy (PANSY) [36-38] and
concatenated multi-experiment schemes such as NMR by Ordered Acquisition using 'H
detection (NOAH) [39-41], which share recovery delays across modules to reduce total
experimental time. Each module in such schemes can be considered an individual NMR
experiment, illustrating how parallelization can be achieved even within a single pulse
sequence.

By altering imaging gradients in resonance frequency and phase, MRI can spatially
encode signals from multiple samples [42,43] (Figure 3.2). In this sense, MRI can be viewed
as a massively parallel experiment, where the spatial dimension of the MR image provides
a natural platform for parallelization. Every voxel can be regarded as an independent
acquisition channel [44]. For an n-dimensional image with resolution d along each axis,
the acquisition corresponds to d" separate experiments. For example, a three-dimensional
image with 256 pixels per axis implies 256> ~ 1.68 x 107 distinct NMR experiments
embedded within a single dataset. Consequently, multiple samples placed within the
sensitive volume of the RF coil can be simultaneously encoded and reconstructed. The
central challenge is to design acquisition strategies such that each spatial dimension
efficiently contributes to the overall data content. One approach to achieve this parallelized
acquisition is to associate each voxel with an individual experiment by means of spatial
encoding (Figure 3.2).

While Chemical Shift Imaging (CSI) bridges the gap between imaging and spec-
troscopy by retaining full spectral information, conventional MRI experiments lack chemi-
cal shift resolution. In MRI, signals from solvent, buffer components, ligands, and proteins
overlap because they are distinguished only by their spatial position, rather than by their
resonance frequency. To introduce chemical specificity into MRI-based measurements,
several strategies have been developed. CSI achieves this by encoding both spatial and
spectral dimensions, thereby enabling the reconstruction of a full spectrum for each voxel.
However, its requirement for extensive phase encoding and echo acquisitions often leads
to long measurement times and reduced spectral resolution. Furthermore, CSI is prone
to spectral overlap and highly sensitive to magnetic field inhomogeneity, particularly in
multi-voxel settings [45].

One widely used alternative approach is Chemical Exchange Saturation Transfer (CEST),
where exchangeable protons are selectively saturated and transferred to water or targeted
molecules, thereby amplifying contrast for otherwise invisible metabolites [46]. In addition,
hyperpolarization techniques (e.g., dynamic nuclear polarization) greatly enhance the
signal intensity of specific nuclei, enabling chemically resolved imaging even at low con-
centrations [47]. Finally, spectral—-spatial pulse designs can suppress unwanted background
signals, such as water or fat, thereby improving chemical specificity [48].

In this work, we took advantage of YF-MRI, which offers a unique advantage, as fluorine
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nuclei provide intrinsic chemical selectivity and negligible biological background, allowing
direct spatial mapping of fluorinated reporter ligands without the need for additional
spectroscopic encoding [49](see more details in Chapter 2.8).
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Figure 3.2.: Spatial localization of multiple voxels through gradient field altering. Each
voxel can represent an individual experiment. Image parameters of the field
of view, matrix sizes, and slice thickness have a direct influence on the image
properties.

By introducing purpose-manufactured sample holders that accommodate several sam-
ples within the available detection space of the chosen RF coil, parallelization can be
implemented directly at the hardware level. When carefully designed with respect to
geometry, spacing, and filling factor, such holders ensure that each sample occupies a
distinct spatial location corresponding to an individual voxel in the MR image. Spatial
encoding thereby transforms the RF coil into a multi-sample detector array, enabling
parallelized acquisition without the need for additional receiver channels. In the context
of 1F-MR], the intrinsically background-free nature of fluorine detection allows the fo-
cus to be placed on imaging rather than localized spectroscopy, thereby enabling faster
acquisition of chemically specific information across multiple samples.

The present chapter focuses on sample-parallelized imaging using optimized holders
(NMR tubes and capillaries) and evaluates key parameters including magnetic field ho-
mogeneity, sample orientation and spacing, probe filling factor, and signal-to-noise ratio
(SNR). These factors are essential for achieving reproducible image contrast and constitute
the methodological basis for robust multi-sample MR imaging. Building on these funda-
mental evaluations with conventional NMR tubes and capillaries, the subsequent section
introduces the honeycomb sample holder, which was specifically developed to maximize
parallelization by integrating a large number of wells within a single RF coil.
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3.2. Molecularimaging setup

Molecular imaging of protein-ligand interactions in parallelized sample arrangements re-
quires an integrative approach. The molecular determinants of signal intensity alterations
are dictated by biochemical properties, whereas mechanical and engineering considera-
tions govern the simultaneous acquisition of multiple MR signals within a shared detection
volume. For this purpose, multiple sample holders were designed to maximize filling factor,
spatial resolution, and signal-to-noise ratio (SNR), enabling reproducible measurements
across densely arranged samples.

Contrast agent

For the preparation of water stock solutions of the gadolinium-based contrast agent
Magnevist (Diethylenetriaminepentaacetic acid gadolinium(IIl) dihydrogen salt hydrate;
Sigma-Aldrich, 381667) was dissolved in deionized water and subsequently diluted to the
desired final concentrations.

The solutions were filled into 5 mm NMR tubes and placed into the NMR sample holders
(Figure 3.3).

Protein and ligands

Trypsin from bovine pancreas (Sigma-Aldrich, T9935), 4-(trifluoromethyl)benzamidine
(TFBA) (Enamine, EN300-73109), and benzamidine (BZD) (Sigma-Aldrich, 434760) were
used as protein, reporter, and competitor ligand, respectively. In the honeycomb setup,
additional competitors were employed; however, since their functions are not relevant
here, they are discussed separately in Chapter 5. All solutions were prepared in phosphate-
buffered saline solution (PBS, 1x, pH 7.4, ThermoFisher, 10010-015) and subsequently
diluted to their final concentrations.

For the capillary setup, the solutions were transferred into 2.4 mm OD glass capillaries
(CM Scientific) using a microliter syringe (Hamilton Central Europe S.R.L.). The cap-
illaries were then sealed with UV glue (Delo Photobond) to prevent evaporation and
contamination.

For the honeycomb setup, the solutions were filled directly into the wells of the holder
(Figure 3.5) using a microsyringe, without the need for glass capillaries.

In both cases, custom-built sample holders (capillary array: Figure 3.4 and honeycomb
cell array (Figure 3.5) are inserted into the RF-coils prior to acquisition.

3.2.1. Sample holder designs

In order to accommodate the NMR tubes and glass capillary samples employed in this
study, a modular sample holder was conceived, designed, and subsequently fabricated from
polylactic acid (PLA) using an Ultimaker 2+ 3D printer at Karlsruhe Institute of Technology
(KIT) in the Institute for Microtechnology (IMT). Particular emphasis was placed on
achieving a geometry that would provide both mechanical stability and reproducible
positioning of multiple individual tubes within a compact array, thereby preventing relative
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motion or misalignment during the course of repeated experiments and ensuring that
systematic parallelized screening could be performed under identical conditions. For the
honeycomb cell array, the printing described in its own section.

The design was optimized with respect to the internal dimensions of the radiofrequency
(RF) coil (see Figure 3.6) to maximize the filling factor and guarantee long-term repro-
ducibility of the experimental setup. Once assembled, the entire sample holder together
with tubes was carefully inserted into the resonator in a horizontal orientation to minimize
susceptibility-induced field inhomogeneities along the tube axis, to reduce gravitational
bending or displacement of the tubes, and to ensure that each sample experienced uniform
B, excitation as well as homogeneous detection sensitivity across the array. This careful
alignment and stabilization of the sample geometry constituted an essential prerequisite
for a quantitatively reliable and reproducible workflow.

NMR tubes

The sample holder with 2.4 cm diameter was designed to accommodate standard 5 mm
outer diameter NMR tubes with a usable length of up to 180 mm. The holder contained
five slots in which the tubes could be inserted vertically and held in fixed positions.

Version 1 Version 2
@ ¢
o (o
I \ \ \
24 cm
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Figure 3.3.: NMR sample holder assemblies for five individual sample tubes in two different
designs. NMR tubes were with an OD of 5 mm, and filled with 2.4 mL - 2.6 mL
sample volume.

Two different designs (Figure 3.3) were manufactured to ensure both mechanical stability
and compatibility with the Bruker 25 mm RF coil and custom-built *F-coil.

Capillaries

As illustrated in Figure 3.4, for experiments addressing smaller sample volumes than
2.45mlL, a separate capillary holder was designed. This holder accommodated five to nine
thin-walled glass capillaries with an outer diameter of 2.4 mm and an inner diameter of
2mm. Each cell inside the sample holder provided a tight fit such that the capillaries
remained fixed during insertion into the °F probe. The overall diameter of the capillary
sample holder was 14.8 mm.
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3.2. Molecular imaging setup

Figure 3.4.: Sample holder assembly for nine individual sample capillaries. Capillaries with
an OD of 2.4 mm were filled with 150 pL — 200 pL. sample volume.

Honeycomb cell array

The cell array sample holder consists of 61 hexagonally arranged cells, each with an
internal diameter of 1.4 mm and a depth of 3.9 mm (calculated for the active signal volume
inside of the °F-coil), separated by 150 um thick walls. The overall active length of the
holder is 14.8 mm, designed to fit within a 15 mm F-MRI coil. The sample holder was
fabricated by 3D-Druck-Service [50] (Zurich, Switzerland), on a 3D Systems VIPER Si2
printer using Somos Prototherm 12120HT resin.

0.15 mm

14.8 mm

Figure 3.5.: Honeycomb-style cylindrical sample holder design with multiple hexagonal
wells for 61 individual samples. Wells were filled with 50 pL - 60 pL sample
volume.

3.2.2. ROl analysis

A region of interest (ROI) was drawn over MR images, and their ROIs were analyzed
to determine relaxation times using the image analysis function of ParaVision 360 (ver-
sion 360.3). The ROI calculations were made on magnitude-reconstructed images. The
signal-noise-ratio (SNR) values were determined by the single image method according to
the National Electrical Manufacturers Association (NEMA) standards [51] i.e., the mean
signal intensities in the area of interest (signal ROI) and the background (noise ROI) were
quantified and the SNR calculated by dividing the signal ROI by the noise ROI.
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Statistical analysis was performed using OriginPro 2023 (Originlab Corporation, Welles-
ley Hills, USA).

3.2.3. °F-Hardware

The YF-MRI measurements were conducted using a custom-designed RF coil operating
at a frequency of 612 MHz, which corresponds to the Larmor frequency of ’Fina 15.2T
homogeneous magnetic field. This coil was engineered based on an Alderman-Grant
topology due to its inherently low inductance and low electric field. As a result, it features
a sufficiently high self-resonance frequency, providing a broad tunability range, making it
particularly well-suited for isotopes with high gyromagnetic ratios, such as 'H and °F.

Following the geometric optimization strategy outlined by Mispelter et al. [52], we
fashioned a coil with specific dimensions: a diameter (d) of 15 mm and a length (I) of 21 mm,
resulting in an [/d ratio of 1.4. This ratio was chosen to achieve optimized sensitivity,
denoted as B;/(i/r), where B; represents the field intensity, and r is the coil’s resistance.
The coil itself is constructed from a 35 pm-thick adhesive copper foil, meticulously wound
around a 3D filament-based printed support, produced using a PLA printer (Ultimaker 2+).
The constructed coil is shown in Figure 3.6a.

F Coil Assembly S11 Reflectometry
Tune and match rods
0 [
Tune and mateh capacitors
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sample capillary holder Frequency [Hz] %108

Figure 3.6.: Alderman-Grant coil designed to operate at 612 MHz corresponding to the
19F NMR Larmor frequency at 15.2 T. A 3D-printed coil holder (black) and a
sample holder are also shown. The schematic insert above shows the geometry
of the coil tracks. The S;; reflection curve of the unloaded Alderman-Grant
resonator.

To facilitate tuning and matching, the coil was capacitively coupled to a coaxial cable
through two high-Q non-magnetic trimmer capacitors (V9000 Voltronics). Figure 3.6b
illustrates the S;; reflection curve of the unloaded coil, tuned and matched at 612 MHz.
In this configuration, the unloaded Q factor registered at 151, which was reduced to 136
when loaded with a 10 mm glass tube filled with distilled water.
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3.3. MRI experiments

Initial experiments with 'H-MRI on water paramagnetic phantoms with Magnevist were
performed using a Bruker commercial probe to benchmark contrast generation and to val-
idate transversal relaxation-driven imaging under well-defined conditions. Optimization
focused on sequence parameters, including echo time (TE), repetition time (TR), and spa-
tial encoding settings to achieve maximal signal contrast between samples with differing
relaxation properties. These measurements on aqueous solutions with varying relaxation
times provided a systematic framework for optimizing image sequence parameters, image
fidelity, and reproducibility.

Subsequently, these optimization principles were transferred to '’F-MRI using a custom-
built RF coil. This ensured that the optimization strategies developed in the 'H-MRI test
system could be directly applied to the *F-MRI experiments employed for protein-ligand
binding assays, in which reliable discrimination between free and bound ligand states
critically depends on both high image quality and robust acquisition conditions.

All 'H- and "F-MRI experiments were performed using a Bruker 650 MHz (15.2 T)
BioSpec imaging system (Bruker BioSpin GmbH & Co. KG, Ettlingen).

'H-MRI experiments of the water phantoms containing different Magnevist concentra-
tions were performed using a commercial Bruker RF coil with a diameter of 25 mm. All °F-
experiments were performed with a 15 mm diameter custom-built !°F-coil. Rapid Acquisi-
tion with Relaxation Enhancement (RARE) experiments or Multi Slice Multi Echo (MSME)
were conducted to generate transversal relaxation time (73) maps. The corresponding
imaging parameters are provided in the figure captions.
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3.4. Hardware considerations for multi-sample MRI: The role
of sample holders

To enable the acquisition of MR images from multiple samples arranged within the sen-
sitive volume of the RF coil, the necessity of employing a dedicated sample holder was
systematically evaluated. Although individual NMR tubes or capillaries can, in principle,
be densely packed and directly positioned inside the coil, this configuration was investi-
gated specifically to assess whether a dedicated holder is required to achieve reproducible
parallelized MRI and to ensure reliable validation of the samples of interest.

For this purpose, five NMR tubes containing paramagnetic relaxation-enhanced water
phantoms with different Magnevist concentrations were imaged both in a bundled ar-
rangement without a holder and with the version 1 holder (Figure 3.3). Rapid Acquisition
with Relaxation Enhancement (RARE) was used to validate the sensitivity of the holder
design by detecting variations in T, relaxation, while additional B;-mapping protocols
were applied to assess the homogeneity of signal distribution within the tubes, as shown
in Figure 3.7.

w/o Sample Holder with Sample Holder

Uniform B;-map

il

Figure 3.7.: Multiple sample '"H-MR images of contrast-enhanced water phantoms shown
for two configurations: bundled arrangement without a sample holder and
positioning with the version 1 sample holder. Samples contained different
Magnevist concentrations: only water (A), 125 pM (B), 250 uM (C), 500 uM (D),
and 1 mM (E). The imaging parameters were FOV 30 mm X 30 mm, MTX 64 X 64,
SL 10 mm, TR/TE = 5000 / 100 ms, NEX 1.

The corresponding B;-maps acquired with the sample holder confirmed homogeneous
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excitation and reception conditions with equal distribution across the NMR tubes. In
the absence of the holder, however, the B; field distribution was inhomogeneous. This
effect likely originated from slight misalignment and tilting of the bundled tubes within
the coil (before insertion into the RF coil), which altered the local filling factor along the
10 mm imaging slice. Such geometric instability caused spatial variations in the effective By
amplitude and, consequently, uneven signal intensity across the samples. This observation
demonstrated the necessity of a dedicated sample holder to ensure reproducible field
homogeneity.

Utilizing a designed sample holder enabled a reproducible and geometrically defined
arrangement of multiple water samples (A-E). Each sample exhibited distinct'H-signal
intensities at a TE of 100 ms, based on the paramagnetic-relaxation enhancement (PRE)
effect causing different T>-decay of the same water sample due to varying amounts of
the Gd-based contrast agent Magnevist (for technical aspects, see Chapter 2.5). This
configuration also enabled the simultaneous acquisition of multiple relaxation datasets (T
mapping) under consistent spatial encoding conditions, a critical prerequisite for high-
throughput MRI measurements. Furthermore, it improved experimental efficiency by
eliminating repeated manual shimming and reloading steps, while maintaining optimal
coil sensitivity through an improved filling factor.

For applications in which the RF coil remains permanently mounted inside the magnet
and cannot be removed, another version of the sample holder (Figure 3.3 version 2) was
designed. The underlying concept was to insert the NMR tubes from the patient-entrance
side of the magnet, provided that the detection volume of the RF coil is well defined.
This approach enabled sample loading without disturbing the coil’s position, maintaining
consistent geometric alignment. Although minor shim adjustments remained necessary
after sample exchange, the holder ensured reproducible magnetic field conditions and
minimized the extent of re-shimming, while preserving optimal coil tuning and matching.

After testing NMR tubes arranged in a dedicated sample holder, we next explored
the use of capillaries to image a larger number of samples simultaneously. For this
purpose, another sample holder was developed (see Figure 3.4) for tubes with smaller
dimensions than standard NMR tubes, carrying sample volumes of 150 uL. — 200 uL. This
design increased the throughput from five to nine samples.

Building on this approach, the final step involved implementing a honeycomb-shaped
sample holder, which enabled the parallel imaging of up to 61 samples. With this design,
the required sample volume per experiment was reduced to approximately 50 uL. However,
the reduction in volume and the closer proximity of individual samples introduced new
challenges, particularly with respect to SNR, spatial resolution, measurement time, and
the limits of detectable concentration.

It was expected that the reduction in sample volume would lead to a decrease in SNR,
which in turn required longer measurement times. Starting from five samples in standard
NMR tubes (@5 mm, sample volume ~ 2.45 mL), the transition to nine capillaries (22.4 mm,
sample volume ~ 150 pL — 200 pL) already resulted in an approximately 3-4-fold reduction
in SNR due to the smaller voxel filling factor. At this stage, imaging was still performed
with a matrix size of 32 X 32 and a FOV of 20 mm X 20 mm to locate two adjacent cells at
this spatial resolution.

With the honeycomb design (61 samples, ~ 50 puL per cell, effective cell diameter ~
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Sample NMR Tube Capillary Cell Array
Holder
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Figure 3.8.: Comparison of different sample holder designs used for multi-sample MR

imaging. Illustrations depict holder geometries (top), typical sample volumes
(middle), and corresponding MR images (bottom). (Left) Conventional NMR
tubes with the MR image with a voxel volume of 8.78 mm®, TR/TE = 7218
/ 100 ms, NEX 20. (Middle) Capillary-based holders accommodate multiple
thin-walled glass capillaries, yielding smaller voxel sizes of 3.91 mm?>. (Right)
Honeycomb cell array integrating 61 hexagonal wells optimized for parallel
acquisition with minimal sample volume, with a voxel volume of 0.98 mm®.
The acquisition parameters for all sample holders were TR/TE = 7218 / 100 ms
with one of NEX for NMR tubes, 200 for capillaries, and 400 for honeycomb

with different spatial parameters.

1.2 mm), the SNR was further reduced by an order of magnitude compared to the NMR
tube configuration. To achieve sufficient spatial discrimination between neighboring
cells, the matrix size was therefore increased to 64 x 64 while keeping the same FOV of
20 mm X 20 mm, corresponding to an in-plane resolution of 312 pm X 312 pm per voxel
(compared to 625 um X 625 um at 32 X 32). This increase in resolution, combined with
the lower voxel signal intensity, resulted in substantially longer acquisition times. To
compensate for these limitations, we employed later undersampling strategies based on
compressed sensing (CS), which are described in detail in Chapter 5.
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3.5. Rapid imaging pulse sequence selection

To explore the performance limits of different pulse sequences for planned accelerated
applications, we evaluated rapid imaging methods using the capillary sample holder for
nine samples (Figure 3.4). For this purpose, multi-echo multi-slice (MSME) and turbo rapid
acquisition with relaxation enhancement (TurboRARE, T-RARE) experiments (k-space
filling comparison in Figure 3.9) were performed with identical numbers of averages
(NEX) and matrix sizes (MTX) on paramagnetic relaxation-enhanced (PRE) water samples
containing Magnevist.
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Figure 3.9.: k-space filling of two rapid imaging pulse sequences, Rapid Acquisition with
Relaxation Enhancement (RARE) and Multi-Spin Multi-Echo (MSME), using
a fast spin-echo (FSE) scheme with the indicated parameters. The echo train
length (ETL) denotes the number of spin echoes collected (signals shown with
different colors) per repetition time (TR), determining the acceleration factor
of the FSE sequence. The effective echo time (Tgg) corresponds to the echo
that samples the center of k-space and thus defines the image contrast.

Each Fast Spin Echo (FSE) imaging protocol consisted of a series of images acquired
at multiple echo times (7E) to monitor the signal decay of the water phantoms. The
voxel-wise signal intensities were fitted to a mono-exponential decay function,

S(TE) = Sy e TE/T,

to extract the transverse relaxation time (73) of each sample. The resulting T, maps served
as a quantitative basis for comparing the MSME, RARE, and T-RARE sequences with
respect to measurement time, precision, and reproducibility (Table 3.1).
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In Table 3.1, the total acquisition time (TA), the maximum measurable echo time, and
the relative standard deviation (Std. Dev.) of the three MRI protocols are compared after
T, fitting of the data shown in Figure 3.7.

Table 3.1.: Comparison of rapid T,-mapping protocols for identifying an optimal molecular
imaging method.

Criteria MSME RARE T-RARE
TA 53min 6 min 15s
Number of TEs > 50 8 8
Overall std. Deviation (%)  1-2 1-6 0.1-6
T, of sample C (ms) 935 926 942

The T, relaxation times were determined from selected regions of interest (ROI analysis
as described in Section 3.2.2). At this stage, the primary objective was to evaluate the
effect of different pulse sequences on the accuracy and precision of T, estimation, with
particular attention to the number of echo times (TEs) available for fitting. Therefore, only
the T, relaxation results of sample C are reported here. Since the optimized protocol was
intended for subsequent protein-ligand experiments, it was also essential to quantify the
variability introduced by the choice of pulse sequence.

MSME provided the most stable fitting conditions, as it allowed for a large number of
echo times (typically more than 50) distributed across a wide temporal range. This dense
sampling stabilized the exponential decay fitting. It minimized sensitivity to noise and ROI
selection, resulting in relative standard deviations of 1-2% and a measured T, of 935 ms
for sample C. However, this higher accuracy came at the cost of long acquisition times
(approximately 53 min).

By contrast, both RARE and T-RARE protocols were much faster (Table 3.1) but were
inherently limited to about eight usable echo times due to the finite length of the echo
train. In RARE, this restriction increased the sensitivity of the T; fitting to noise, leading to
deviations of 1-6% and a relaxation time of 926 ms. T-RARE, which employs extended echo
trains and, in many implementations, variable refocusing flip angles, provided slightly
improved precision (0.1-6%) and a relaxation time close to MSME (942 ms), while still
enabling rapid acquisition. Nonetheless, the reduced flexibility of TE sampling in both
RARE-based protocols occasionally caused larger fluctuations in T, estimates, especially
under suboptimal ROI placement or handling conditions.

Taken together, these results highlight the trade-off between speed and precision: while
MSME ensured robust T, fitting, the faster RARE and T-RARE methods significantly
reduced measurement time and thus increased throughput. In the following chapters, the
choice of pulse sequence was adapted to the experimental objectives, ensuring that the
most suitable protocol was applied for each application.
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3.6. Spatialimage quality optimization

While MSME had been identified in the preceding phantom study as the most robust
pulse sequence for accurate T, estimation, its suitability for the following applications also
depended on its ability to generate sufficient contrast. Good image contrast was one of
the key requirements not only for the limit-of-detection (LOD) experiments, but also for
resolving differences in signal intensity between multiple MR signals exhibiting similar
T, relaxation times within the same simultaneously acquired MR image. Achieving such
contrast is essential for distinguishing samples under different binding conditions and
for ensuring that small variations in relaxation behavior can be reliably detected. The
fundamental mechanisms of contrast formation and the influence of imaging parameters
on relaxation weighting were already outlined in the theory section 2.5.
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Figure 3.10.: Region of interest (ROI) selection on the MR-image for SNR quantification.
Signals acquired in a single MSME experiment, including multiple samples,
were chosen as a circular ROI to measure their mean signals separately.
Random noise was measured as the average of the chosen four square ROIs
located at the corners of the image. All chosen ROI areas were the same and
2.86 mm?. The imaging parameters were FOV 30 mm X 30 mm, MTX 128 x 128,
SL 10 mm, TR/TE = 7218 / 100 ms, NEX 20.

In ligand-binding experiments using fluorine (}°F) reporters, such as TFBA, the contrast
between the free and bound reporter is especially critical. When a reporter molecule binds
to a protein, its local environment changes, leading to restricted molecular motion and
consequently modified relaxation properties (as discussed in Chapter 2.8). These relaxation
alterations form the basis for detecting binding and displacement events through changes
in signal intensity and T, reduction of the reporter ligand. These changes allow for the
detection of binding and displacement by observing altered signal intensity and T, drops
of the reporter ligand. So, in this section, in addition to exploring how TE selection, pulse
sequence design, number of echoes, and ROI choice influence contrast, we also evaluated
optimal imaging quality parameters field of view (FOV), matrix size (MTX), and number
of experiments (NEX) with respect to signal-to-noise-ratio (SNR), while ensuring a short
overall measurement time.
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Prior to further analysis, it was necessary to illustrate the procedure used for SNR
quantification based on ROI selection. Figure 3.6 shows representative MR images from
nine TFBA binding experiments (content analysis done elsewhere) acquired with the
MSME protocol. SNR values were determined as described in Section 3.2.2 following
NEMA guidelines. The analysis confirmed that the chosen ROI strategy provided stable
SNR values across replicates, with minimal influence of structured background noise.

For the quantification of free TFBA signals, a minimum SNR threshold of 11 was defined.
This choice was based on previous quantitative MRI studies, which have shown that expo-
nential fitting of relaxation times becomes unreliable at SNR values below approximately
10, leading to large uncertainties in the extracted parameters [53,54]. Thus, maintaining
SNR > 11 ensured reproducibility and stable fitting of the T, values across different binding
experiments.

Within this constraint, the following image quality parameters of the MSME protocol
were optimized for the best spatial resolution: field of view (FOV), matrix size (MTX), and
number of averages (NEX). The impact of these parameters on the total acquisition time
(TA) and the resulting SNR was systematically investigated, while slice thickness (SL) and
flip angle (FA) were kept constant at 10 mm and 30°, respectively. By repeating the MSME
experiments across nine different TFBA binding conditions and monitoring only the *°F
signal alterations of TFBA, the optimal imaging parameters for reproducible experiments
were identified.
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Figure 3.11.: Optimization strategy to balance acquisition efficiency (TA) with sufficient
SNR for reliable ligand detection of the free TFBA reporter ligand (**F-MRI).
Different matrix sizes (blue) from 32 X 32 to 128 X 128, scan numbers (green)
with 10 to 50 NEX, and field of view (red) selection of 15-30 interleaves.

When the MTX was kept constant at 32 X 32, reducing the field of view FOV to
15mm X 15mm resulted in smaller pixel dimensions and, consequently, less signal
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detected per pixel. This reduction lowered the SNR to 12, which was defined as the mini-
mum acceptable limit. Conversely, increasing the FOV enhanced the spatial resolution,
but at the expense of reducing the effective voxel size and thereby constraining the size of
the chosen ROI for subsequent analysis.

The voxel volume is defined as

FOv, FOV,
voxel = : - SL,
MTX, MTX,

where FOV, and FOV, denote the field of view in the phase- and frequency-encoding
directions, MTX, and MTX, the corresponding matrix sizes, and SL the slice thickness.
Since SNR scales with the voxel volume, reducing FOV or increasing MTX reduces V;oxel
and thus decreases SNR.

B) TR Optimization

Figure 3.12.: Measurement time optimization by changing the imaging parameter of rep-
etition time (TR). All experiments were collected via MSME protocol. A)
Reference T;-mapping using 9 capillaries reflected in T,-contrast of different
TFBA-trypsin-BA experimental conditions, which are described in chapter
5. B) Optimized imaging time with a TR time of 5s with the same spatial
imaging parameters as A.

Furthermore, increasing the NEX did not yield a substantial improvement in SNR, since
the expected gain follows only the square-root dependence

SNR o« VNEX.

The highest SNR values (above 8) were obtained with a matrix size of 32 X 32 and a
fixed FOV of 20mm X 20 mm. This improvement arises because larger voxel volumes
contain more contributing spins while the noise level per voxel remains nearly constant,
leading to a higher SNR. Conversely, increasing the matrix size reduces the voxel volume,
enhancing spatial resolution at the expense of SNR.

Based on these considerations, the optimal imaging parameters to achieve good image
quality with the targeted SNR were defined as: MTX = 32 X 32, NEX = 20, and FOV =
20 mm X 20 mm. With these settings, the acquisition of T,-weighted images using 11 echo
times required approximately 76 minutes for the capillary setup (Figure 3.8).
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In addition to the spatial parameters, the repetition time (TR) was shortened from 7s
to 5s to reduce the total acquisition time, while TR and flip angle a were kept constant
within a dataset (Figure 3.12). For MSME imaging, the time scales approximately as

TA =~ TR X Npg X NEX X Nglicess

so this adjustment yields a reduction of about 2/7 ~ 29% in TA. Since T, was estimated
from mono-exponential fits within each dataset,

S(TE) = So(TR, o) e TE/%2,

the change in TR affects only the scale factor S, (via partial saturation) but not the
decay constant T;. Consequently, the shorter TR value decreased measurement time with
a 1.9-fold acceleration without introducing systematic bias in T; any impact was limited
to a modest SNR reduction. It was expected, since incomplete recovery of the longitudinal
magnetization (M,) reduces the available signal for each excitation.

In particular, when TR < 577, the equilibrium magnetization is not fully restored, leading
to partial saturation effects that lower So(TR, «). For the present experiments using small
flip angles (a = 30°), the recovery time required for steady-state magnetization is shorter
than the conventional 5T; rule that applies to 90° excitations. According to the Ernst

equation,
1— e TR/T
Mz,ss = MO

1—cosae TRITY’

the longitudinal magnetization reaches more than 95 % of its equilibrium value at approxi-
mately TR =~ 2.5T; for a 30° flip angle. Nevertheless, incomplete recovery still reduces the
available signal per excitation. The noise level, however, remains essentially unchanged,
so the overall SNR decreases while the fitted T, values remain unbiased. Despite this signal
reduction, the measured SNR remained above our threshold (SNR > 11) under the chosen
settings (see Figure 3.12).
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3.7. Conclusion

Acquiring signals from multiple NMR tubes simultaneously is, in principle, straightforward,
with the number of samples determined mainly by the physical dimensions of the RF
coil. Yet, transforming this simple idea into a reliable experimental strategy is far from
trivial. Without appropriate methods, the transmit/receive By field is distributed unevenly
across tubes, leading to inhomogeneous excitation, variable sensitivity, and ultimately a
loss of quantitative accuracy [55-57]. Furthermore, conventional pulse sequences are not
designed to disentangle superimposed signals and therefore lack the gradient preparation
steps required for robust multi-sample acquisition [54, 58].

Introducing MRI principles to resolve signals from different tubes spatially provides a
key advantage: signals can be assigned to distinct sample locations with high precision.
This approach is not new in principle, since MRI routinely distinguishes tissues within the
body. But here, the voxels of an MR image correspond to separate in vitro samples rather
than biological tissues. What is novel is the application of such contrast mechanisms
to ligand-binding studies: instead of probing tissue contrast, the measurement encodes
molecular properties such as longitudinal (7;) and transverse (T,) relaxation times to screen
ligand libraries.

To pursue this concept, our project began with sample-parallelization strategies for how
to physically arrange different samples in proximity. Whereas tissues in vivo are naturally
adjacent, in vitro measurements require deliberate design: was it sufficient to place all
tubes in a simple bundle, or could a purpose-built sample holder increase throughput while
maintaining sensitivity?

Insights from T, relaxation measurements on contrast-enhanced water phantoms (using
paramagnetic Magnevist) guided the design of an optimized sample holder (Figure 3.3). In
these tests, a B;-map of five bundled NMR tubes revealed pronounced field inhomogeneity,
which was attributed to slight misalignment and tilting of the tubes within the coil.
Such geometric instability compromised reproducibility and prevented consistent sample
positioning, highlighting the necessity of a mechanically defined holder to ensure uniform
excitation and detection conditions.

By refining the design, an initial throughput of five samples was expanded from nine
to 61 (Figure 3.5) using a honeycomb-shaped cell array that maximized the filling factor,
even when used with home-built probes such as our F-coil without compromising
image quality. This established the first step toward accelerating MRI measurements by
simultaneously acquiring signals from multiple samples. With 3D-printing and further
miniaturization, the design was adapted to hold up to nine capillaries containing microliter
volumes. This parallelization not only shortened measurement times but also reduced
material costs and post-experiment waste.

The critical challenge arose when scaling to 61 samples in the honeycomb array. Here,
densely packed samples increased the demands on spatial resolution, requiring careful
balancing of voxel size, field of view, and SNR. Each sample-holder iteration addressed
different requirements of drug-discovery workflows, from basic reproducibility to high-
density screening.
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3. Sample Parallelization and Image Optimization

Overall, these experiments established the sample holder as a key enabling technology
for scalable, high-throughput MR screening workflows. They demonstrated the potential
for rapid drug discovery through spatial parallelization on standard MRI systems. The
specific acceleration factors achieved are presented in their respective sections later, each
reflecting the type of sample holder employed and the underlying biochemical goal.

While the present work focused on hardware-level acceleration via sample paralleliza-
tion, additional improvements in acquisition efficiency can be realized through data-domain
approaches such as sparse or compressed sampling, which are discussed in the chapter 5.
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4. Accelerated Drug Discovery

This chapter is based on work carried out in collaboration with Dr. Alvar G. Gossert
and has been published [DF1]. The project combined Dr. Gossert’s expertise in the
design of competitive drug screening with our development of an optimized ligand
screening workflow and the determination of compound binding affinities using
T,-relaxation measurements.

4.1. Introduction

The speed of drug discovery is limited by how fast a big library consisting of millions of
drug candidates can be screened for activity against biological targets such as enzymes or
proteins.

19F T,W MR Images
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Figure 4.1.: Molecular imaging of protein-reporter and competitor ligand interaction by T>-
weighted spin-echo MR sequence. Reference experiment) The T,-weighted
image of observed ?F-reporter ligand-TFBA (blue, star) results in high signal
intensity proportional to its long T;-relaxation time. Direct binding experi-
ment) The '’F signal of TFBA signal attenuates together with an increased
trypsin (red) concentration due to restricted motion and a reduced T;. Com-
petition experiments) The non-fluorinated competitor ligand-Benzamidine
(BA) (gray, hexagon) displaces the reporter ligand TFBA from trypsin, which
again tumbles freely in solution and T; recovers yielding a bright image. Cre-
ated with BioRender.com.
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4. Accelerated Drug Discovery

Modern drug discovery leverages screening methods such as high-throughput screening
(HTS) and fragment-based drug discovery (FBDD) [59]. HTS enables rapid and systematic
evaluation of compound libraries to identify hits, i.e., small molecules that interact with
disease-relevant targets. These hits serve as chemical starting points for further optimiza-
tion in lead discovery. FBDD, a complementary approach, relies on smaller libraries of
low-molecular-weight compounds, known as fragments (typically < 300 Da) [60, 61].

Drugs, aka hits/fragments/ligands, exert their therapeutic function by modulating target
proteins such as enzymes, receptors, ion channels, or transporters. Their effects depend
on binding affinity, specificity, and mode of interaction, thereby influencing downstream
biochemical pathways. Non-covalent interactions govern binding kinetics and pharma-
codynamics, while pharmacokinetic properties (Absorption, Distribution, Metabolism,
and Excretion-ADME) determine the effective concentration at the site of action [62, 63].
A deeper understanding of the underlying molecular interactions is therefore essential
to prioritize promising candidates and to rationalize their mechanism of action. Thus,
identified binders are characterized in terms of affinity, binding mode, and specificity.

Meeting these analytical demands requires experimental platforms that can deliver
both molecular-level information and sufficient throughput. In this context, the speed,
sensitivity, and information content of both HTS and FBDD increase with automation,
chemical diversity, sensitive detection technologies, and sample parallelization.

Nuclear Magnetic Resonance (NMR) was among the first biophysical methods introduced
into HTS and, in particular, established FBDD. Its ability to detect weak ligand—protein
interactions in a label-free manner and to provide both affinity and structural information
made NMR the initial workhorse for fragment screening approaches [64, 65].

Aside from its advantages as a ligand screening MR platform, the imaging ability of the
MR signal via Magnetic Resonance Imaging (MRI) offers the additional benefit, namely
the ability to localize signals from multiple samples within a single measurement spatially.
Since each line in k-space of an MR image represents the entire field of view along one
spatial dimension, it therefore contains information from all voxels along the orthogonal
axis. This mechanism effectively transforms MRI into a massively parallel sampling system,
where a single image may encompass approximately one million voxels.

In the context of drug discovery, this raises the intriguing possibility of treating each
voxel in an MR image as an individual binding experiment, provided that an appropriate
sample and imaging design are implemented. To experimentally realize this concept,
suitable sample holder designs are required to accommodate multiple independent lig-
and-protein mixtures within a single imaging volume. In this way, the intrinsic voxel-
parallelism of MRI can be translated into physically parallelized drug screening assays.

MRI is therefore a powerful method for hit detection and quantitative validation of lead
compounds in terms of accelerated drug discovery. Unlike many conventional screening
techniques, MR-based screening relies on direct, label-free observation of molecular inter-
actions. It may provide a general workflow for evaluating a wide range of drug candidates
with varying binding capabilities and modes.

A further strength of MR-based screening is its sensitivity to changes in nuclear re-
laxation parameters upon ligand binding [15]. A commonly exploited mechanism is the
alteration of the ligand’s molecular motion: upon binding to a protein, its rotational corre-
lation time increases by up to two orders of magnitude. This change directly correlates
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with T, relaxation, which can be conveniently monitored in T,-weighted MR images. In
high-throughput applications, such T,-based contrast enables distinction between free
ligands, protein-bound ligands, and displacement by competitor compounds. The reli-
able detection of these three states is a prerequisite for quantifying binding affinities of
unknown drug candidates.

A remaining limitation of conventional proton-based MRI, however, is its insufficient
chemical shift resolution, which prevents the differentiation of solvent, buffer components,
ligands, and proteins in complex mixtures. This limitation can only be addressed by
spectroscopic techniques that preserve chemical shift information, such as localized MR
spectroscopy (MRS). In parallel, heteronuclear MRI and MRS extend the accessible nuclei
beyond 'H, enabling the investigation of specific biochemical processes in vivo and in
vitro.

For example, >'P-MRS allows non-invasive mapping of cellular energy metabolism
and pH by detecting phosphate-containing metabolites such as adenosine triphosphate
(ATP), phosphocreatine, and inorganic phosphate [66]. 17O-MRI provides direct access
to oxygen metabolism and water turnover through the detection of ’O-enriched water
molecules [67,68]. Similarly, >N-MRS enables the visualization of nitrogen-containing
compounds such as amino acids and metabolic intermediates, particularly when combined
with dynamic nuclear polarization (DNP) for signal enhancement [69, 70].

Among these, 1’F-MRI has gained particular relevance for molecular imaging and drug
discovery to track fluorinated reporter ligands with high specificity and quantitative
accuracy [71] [DF1]. Several advantages make °F an ideal nucleus for ligand screening
[17,72]:

nearly 100% natural abundance,

+ most fluorinated ligands contain only one fluorine atom or one CF3 group, yielding
a single sharp resonance,

negligible background signal in physiological buffers,

high sensitivity of T relaxation to the chemical environment due to chemical shift
anisotropy and exchange broadening.

Together, these properties make '°F T,-weighted MRI an exceptionally suited approach
for detecting protein-ligand interactions. In this work, we exploited these advantages by
implementing a fluorine-based competitive binding assay. As a model system, the fluo-
rinated ligand 4-(trifluoromethyl)benzamidine (TFBA, reporter) and the non-fluorinated
competitor ligand benzamidine (BA) were studied with serine protease trypsin from B.
taurus as the target protein. Binding of TFBA to trypsin was detected directly by atten-
uation of the F signal. Subsequent displacement of TFBA by BA enabled quantitative
determination of BA affinity in a dose-dependent competition experiment.

By exploiting voxel-based parallelization, a factor of nine in sample parallelization and
a three-fold reduction in total measurement time were achieved. This proof-of-principle
suggests that complete binding curves (dose-dependent screening) can be recorded in a
single parallelized MRI experiment, bridging methodological developments in MR hardware
with pharmacological applications in drug discovery.
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4. Accelerated Drug Discovery

4.2. 9F-MRI experimental setup

Imaging measurements

Ligand-observed "F-MRI experiments were carried out with different concentrations
of trypsin, 4-(trifluoromethyl)benzamidine (TFBA), and benzamidine (BA), which were
prepared as described in Chapter 3.2. All samples were prepared fresh on the day of
measurement and stored in a cool transport box. Afterward, nine samples were inserted
into a custom-built capillary sample holder (Figure 3.4) prior to acquisition.

All PF-experiments were performed using a custom-fabricated RF coil with a 15 mm
inner diameter, tuned to 612 MHz, corresponding to the Larmor frequency of °F at 15.2 T.
The capillary sample holder, accommodating nine samples arranged on its surface, was
used as illustrated in Figure 3.4.

Protein-Ligand Preparation Sample Holder Insertion into Coil "*F-MRI Experiments

Protein

Competitor
Ligand
TFBA

Sample
Holder

=
.-—:_ﬁ

Capilary

Figure 4.2.: Ligand screening pipeline via F-MRI. Sample preparation starts from com-
pounds of interest for protein-ligand experiments to sample holder insertion
into the RF coil and MRI measurements acquired in the magnet.

A single FLASH MRI scan was first performed to locate the samples within the holder,
followed by T;-weighted imaging using a standard MSME (multi-slice, multi-echo) se-
quence used a field of view (FOV) of 20 mm X 20 mm and a slice thickness (SL) of 10 mm,
a matrix size of (MTX) of 32 X 32, a repetition time (TR) of 7218 ms, and 20 averages
unless otherwise indicated. The representative findings were confirmed in at least three
independent experiments.
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4.3. 19F Probe characterization

In magnetic resonance signal detection, the signal-to-noise ratio (SNR) directly determines
the sensitivity of the workflow and precision of measured relaxation parameters and thus
the reliability of binding quantification. The detected signal amplitude scales linearly
with the number of nuclear spins within the sensitive coil volume, i.e., with sample
concentration, active volume, and coil sensitivity [57,73]. Consequently, when operating
in the millimolar concentration regime typical for ligand-observed assays, the achievable
SNR becomes a key limiting factor.

Therefore, in the first step of this work, the 19F-ligand-based workflow was evaluated
using a custom-built fluorine coil (see Figure 3.2.3), specifically designed to maximize
sensitivity for I°F nuclei and enable reliable signal detection at low reporter concentrations.

In protein-ligand studies, the amount, volume, concentration, and binding affinity of
the observed reporter ligand are critical [24]. The lower the required reporter concen-
tration, the less expensive the experimental setup, the smaller the environmental impact.
Conversely, if a high concentration of reporter ligand is required, a correspondingly larger
amount of protein must be used, which is often the most costly reagent in the assay.

SNR

mean

c(TFBA) in mM

Figure 4.3.: F limit of detection of TFBA in a capillary system. Five different TFBA
concentrations (white) and their calculated SNR (yellow) values are shown
from the FLASH experiment in one acquisition experiment. The imaging
parameters were FOV 30 mm X 30 mm, MTX 32 X 32, SL 5 mm, TR/TE = 100/ 4
ms, NEX 200, TA 10 min 40 s. SNR was calculated as described in the Methods
section, taking a slice ROI area covering 3.55 voxels, with a volume of 4.4 mm?
per sample.

In selecting reporter—protein concentrations for competitive 1°F ligand-observed assays,
the choice of an appropriate reporter is critical (see Chapter 2.8). Dalvit and co-workers
systematically analyzed this regime and demonstrated that effective competition assays
can be performed with reporter and protein concentrations as low as [Lr] = [Er] = 5-
15 uM when the reporter affinity is moderate (Kp ~ 5-20 yM), enabling the detection of
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4. Accelerated Drug Discovery

competitors with inhibition constants in the submicromolar range (K¢ ~ 100-500 nM) [16].
These concentration regimes minimize material consumption while preserving quantitative
accuracy and sensitivity.

At equilibrium, the reversible binding of a reporter ligand (L) to a target protein (E) is
described by the reaction and dissociation constant:

E+L=EL
_[E][L]
P [EL]
Er = [E] + [EL], Lt =[L] + [EL]
[EL] Lt

QL = (fOI‘ Er<lLy, L= LT)

Er Ly +Kp

These relations define the equilibrium occupancy 8;, which increases with ligand con-
centration for a given Kp. In competition (reporter L vs competitor C), the condition
for a measurable displacement is that the observed free reporter fraction changes appre-
ciably; a practical design rule is to choose Er on the order of Lt (e.g., ET ~ 0.5-1 X Lt)
and Lt comparable to or modestly above Kp of the reporter to maximize sensitivity to
displacement [16].

To best exploit MRI parallelization, it was first necessary to identify the concentration
regime that yielded sufficient SNR (SNR > 11) for the reporter molecule TFBA. As we
showed before in chapter 3, good image contrast was one of the key requirements not
only for these limit of detection (LOD) experiments but also for resolving differences in
signal intensity between multiple MR signals exhibiting similar T, relaxation times within
the same simultaneously acquired MR image. Achieving such contrast is essential for
distinguishing samples under different binding conditions and for ensuring that small
variations in relaxation behavior can be reliably detected.

Establishing the LOD for the reporter molecule TFBA was therefore a crucial prerequisite
for the subsequent binding experiments, as it defined the minimum detectable concen-
tration that still provides sufficient contrast for quantitative analysis. Thus, a Fast Low
Angle Shot (FLASH) protocol was employed to acquire images of five capillary samples
containing TFBA at concentrations ranging from 3 mM - 50 mM.

Using the imaging parameters given in Figure 4.3, resulting in voxel volumes of ap-
proximately 4.4 pL, it was found that 3 mM TFBA was not sufficient to observe a signal.
Conversely, 50 mM was more than sufficient; however, significantly more protein would be
needed at this concentration for the binding assay. 25 mM TFBA represented a good com-
promise between sufficient SNR (17) such that the quantification threshold was achieved
(SNR > 10), and reducing the required protein amount for the binding assays.
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4.4. Proof of concept: Protein-ligand interaction imaging

In particular, transversal (T,)-relaxation-driven contrast provides a direct readout of molec-
ular environments, as changes in T, relaxation may manifest as grayscale intensity differ-
ences across multiple samples in a single MRI experiment. This enables binding states to
be assessed simultaneously without additional labeling. By combining indirect, reporter-
based competition with the scalability of T,-weighted imaging (see Chapter 2.9), ligand
screening can be performed in a highly parallel and quantitative manner, enhancing both
throughput and information content relative to conventional direct detection strategies.

Since this project represents the first ”F-MRI ligand screening protocol in competition
mode, the system was designed as a proof-of-concept to evaluate the feasibility of screening
non-fluorinated unknown competitor candidates using MRI. To implement this approach,
the fluorine reporter TFBA (4-trifluoromethylbenzamidine) was selected for a competition
assay in the well-studied trypsin-ligand system (for details Chapter 2.9). The setup also
includes benzamidine (BA) as a competitor ligand.

In this case study, the MRI technique combined with sample parallelization via a sample
holder was tested as a platform for ligand screening. To establish these principles experi-
mentally, we carried out a quantitative spin-echo imaging protocol (multi-spin-multi-echo,
MSME) to extract T, values of TFBA in all three regimes (Figure 4.4). The experimental
regimes were examined as contrast resources in a single measurement [15,74,75]:

1. Reference experiment with free TFBA in solution in the absence of the protein-
trypsin,

2. Direct binding experiment with TFBA in the presence of trypsin, and

3. Competitive experiments with the addition of a competitor ligand BA, a known
trypsin binder that displaces TFBA.

As expected, the T, of TFBA decreased upon addition of trypsin due to binding-induced
motional restriction. The measured T, decreased by approximately 75%, from 950 ms for
free TFBA to 230 ms in the non-competition sample (T ) (Figure 4.4A). In a free solution,
TFBA exhibits a comparatively long T, because rapid isotropic molecular tumbling effi-
ciently averages out dipole—dipole interactions, thereby minimizing transverse relaxation.
Under these conditions, the molecular correlation time is short relative to the Larmor
period, leading to reduced spectral density at the resonance frequency and thus slower
dephasing of transverse magnetization.

Upon binding to trypsin, the TFBA T; decreased by 75% relative to the free reporter (167:1
TFBA:trypsin), yielding T, = 231 ms (nc = non-competition) (Figure 4.4B), consistent
with strong binding of TFBA and the expected restriction of molecular tumbling upon
complex formation. The fast exchange regime was further confirmed by '°F spectroscopy,
which showed a single resonance for TFBA in the presence of trypsin [76].

The single-exponential fit indicated fast exchange between free and bound states, which
is advantageous for T,-weighted imaging assays as the observed relaxation reflects a
population-weighted average. Consequently, T, values directly correlate with the effective
bound fraction, enabling robust and quantitative contrast. Slow or intermediate exchange,
by contrast, would result in multi-exponential decay, complicating interpretation.
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Figure 4.4.: Transverse relaxation time dependence on binding between trypsin and its
reporter and competitor ligands, TFBA and BA. Spin-echo intensities extracted
from the chosen ROI of the MR-image averaged 20 scans, of 25 mM TFBA
obtained in the absence (black) and presence of 150 uM trypsin (blue), and in
the presence of both 150 pM trypsin and 10 mM benzamidine (red). T; relaxation
times were obtained by fitting the mean of three replicate measurements to a
single exponential (error bars are + standard deviation); Ty f = 952ms, 15 =
231ms and Tp, = 738 ms, (ParaVision) with a fit quality (R?) of 0.98, 0.98, and
0.97 (originLab), respectively. The corresponding relaxation rates are Ry s =
1.05571, Rype = 4.33s71, and Ry = 1.36s7 1.

Upon addition of BA (2.5:1 TFBA:BA), the TFBA T; increased to 70% of the free value
(T, = 740 ms, ¢ = competition), consistent with displacement of TFBA and preferential
binding of BA (Figure 4.4C). The contrast arising from reporter displacement adds a further
dimension: when BA competed with TFBA, the equilibrium shifted, and TFBA relaxation
recovered toward its free-state value.

Together, these results demonstrate that fluorine-based MRI enables both direct de-
tection of fluorinated ligand binding and indirect detection of non-fluorinated ligands
via competitive displacement in a parallelized, imaging-compatible format. Detecting
such changes in signal intensity and decay speed provides information not only on the
presence of binding but also on the relative affinity and competition strength of the ligands.
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4.4. Proof of concept: Protein-ligand interaction imaging

This principle is particularly important for drug discovery, since most clinically relevant
compounds are non-fluorinated (Figure 2.23). By using a fluorinated reporter, binding of
non-fluorinated candidates can be inferred indirectly via competitive displacement, thus
extending the applicability of 1F-MRI beyond fluorinated ligands alone.
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4.5. Direct binding detection

The concept of parallelized MRI-based drug screening is presented in Figure 4.5. For
demonstration, two titration series were measured in a single imaging experiment: first,
a series of samples with a fixed concentration of TFBA 25 mM and varying amounts of
trypsin (Experiments B-E), and second, a series of samples with fixed concentrations of
TFBA and trypsin and varying concentrations of the competitor BA (Experiments F-I).
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Figure 4.5.: F T,-map of TFBA obtained using MSME. Samples for non-competitive bind-
ing to trypsin and competitive binding in the presence of BA were measured in
a single experiment. The MSME experiment was a collection of nine samples
with 10 echo times, ranging from 200 ms — 1100 ms. Fixed amounts of TFBA (A,
25 mM) were added to trypsin in different concentrations (B-25 uM, C-50 uM,
D-75 uM, E-150 uM) for non-competitive experiments. BA (F: 1 mM, G: 10 mM,
H: 25 mM, I:50 mM) was then added to the fixed TFBA and trypsin at 150 uM
for the competition format. The imaging parameters were FOV 20 mm X 20 mm,
MTX 32 x 32, SL 10 mm, TR/TE = 5418 / 100 ms, NEX 20. The full set of 10
echo experiments required 76 minutes. The image displayed was obtained at
200 ms echo time.

The binding of TFBA to trypsin can easily be detected on the plain MR image. The
sample of free TFBA was placed in the center of the sample holder (Figure 4.5A). In position
B, 25 uM of trypsin was added to the 25 mM TFBA solution (corresponding to a ratio of 1
: 1000 of trypsin : TFBA). The decrease in intensity is clearly apparent on this single T;
weighted image, thus enabling a quick screening of binders.

The T, contrast decreased progressively with rising trypsin concentrations, reflecting the
increasing fraction of TFBA bound to the protein. Samples B-E constituted a titration series
with trypsin concentrations ranging from 25 uM - 150 pM. Upon binding, the rotational
mobility of TFBA became increasingly restricted, which in turn enhanced dipole-dipole
relaxation and accelerated transverse relaxation. As a result, the measured T, values of

80



4.5. Direct binding detection

TFBA decreased with protein concentration, leading to reduced signal intensity in the MRI
images. At the highest trypsin concentration, up to 60% attenuation of the '°F signal was
observed (Figure 4.6).
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Figure 4.6.: Dependence of TFBA '°F signal intensity (black) and R; rates (red) on titrating
trypsin ([TFBA] = 25mM). '°F-signal intensities are normalized with the
sample without trypsin.

To enable quantitative comparison across nine samples, the transversal relaxation rates
R, (= 1/T;) were calculated, using sample A (free TFBA) as the reference for intensity
normalization (Figure 4.6). Expressing the data in terms of R; is advantageous, as relax-
ation rates add linearly with increasing contributions from binding interactions, thereby
providing a more robust measure of the underlying exchange processes.

The TFBA R, rates increased approximately 3-fold at the highest trypsin concentration
(150 uM), confirming the progressive shift of the equilibrium toward the bound state across
the titration series. This clear concentration-dependent relaxation effect demonstrates the
sensitivity of the assay to incremental alterations in bound TFBA fraction and provides a
quantitative basis for distinguishing between different binding regimes.
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4.6. Competition screening

Using F MRI in a competitive ligand binding assay has several advantages. Since the
reporter ligand is the only source of '°F, there is a direct measurement of its population
distribution between bound and free states without background interference. As a re-
porter ligand has a relatively weak binding interaction (compared to a typical drug), the
concentration can be increased so that there is sufficient SNR to obtain MR images in a
reasonable measurement time.

The sensitivity to competitor binding becomes relatively high since observation of
the competing ligand binding depends on the signal detection limit of a reporter ligand
[14]. Consequently, the method requires only minimal quantities of the protein and the
competing ligand, since the binding event is not observed directly but detected indirectly
through the relaxation changes of the fluorinated reporter. The present study builds upon
this concept to enable efficient and material-saving screening experiments.
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Figure 4.7.: TFBA '°F signal intensity (black) and R; rates (red) in the competitive assay. BA
was titrated with [TFBA] = 25 mM and [trypsin] = 150 uM. Lines connecting
the data points are intended to guide the eye.

Building upon this concept, TFBA showed a pronounced difference in its R, between free
and trypsin-bound states, providing a sensitive assay window for detecting competitive
binding of non-fluorinated ligands such as BA. The highest protein concentration 150 uM
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was selected, since it ensured a sufficiently large bound fraction of TFBA and thereby
maximized the T, contrast between the displaced (therefore free) and bound states. A high
occupancy of the binding pocket is essential for competition assays, as it provides both a
strong relaxation-driven signal alteration upon displacement and a robust dynamic range
for quantifying binding affinities of displacer ligands even in a range of weak displacement.

As seen in Figure 4.7, the F-signal intensity of TFBA was recovered from 45% up to
100% when adding the non-fluorinated competitor BA to the solution, as demonstrated
in samples F — I (Figure 4.7), where BA was titrated with concentrations ranging from
1mM - 50 mM.

Even at 1 mM BA, nearly 90% of the °F signal intensity from TFBA could be recovered,
showing that competitors can be screened at much lower concentrations, which would
make less soluble compounds accessible to this assay. At higher BA (up to 10 mM con-
centrations, the apparent recovery of TFBA relaxation even exceeded 100% of the free
reference. This effect can be attributed to experimental variability and to the high competi-
tor excess, which may not only fully displace TFBA but also alter the local environment of
the reporter, resulting in slightly longer effective T, values than observed in the reference
measurement.

In agreement with the TFBA signal recovery, increasing concentrations of the com-
petitor BA progressively displaced bound TFBA from the trypsin binding site, shifting
the equilibrium toward the free reporter state. Under these competitive conditions, the
observed R, values decreased from the bound-state value (Ry;, = 4.3 s™!) to an intermediate
level (Rye = 1.3 57! to Ry = 1.8 s7'), approaching that of free TFBA (Ry s = 1.05 s7').
This relaxation change was accompanied by a visible whitening of the MR images, as the
9F-signal intensity of the increasingly free reporter increased.

These results confirm that the observed R; values in the competitive regime reflect a
population-weighted average of the free and bound reporter fractions. Increasing the
concentration of the competitor BA progressively displaced TFBA from the trypsin binding
pocket, resulting in slower transverse relaxation and increased signal intensity. This con-
tinuous R, shift serves as a quantitative indicator of ligand displacement and competitive
binding strength.

Moreover, the pronounced difference in T, relaxation rate and the strong correlation be-
tween R, and signal recovery-image brightness underline the robustness of the TFBA-based
reporter system. Changes in the equilibrium composition lead to detectable variations
in quantitative relaxation data, which confirms the suitability of this approach for high-
throughput, relaxation-driven binding analysis.
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4.7. Affinity determination

The dose-dependent behavior of signal alterations of the reporter ligand observed in the
competition experiment and the quantitative outcome of the relaxation data obtained
enable calculation of the dissociation constant of the competitor BA (termed K to distin-
guish it from the K of the reporter TFBA). The dissociation constant of the competitor BA
(K1) was determined from the fraction of displaced reporter ligand TFBA in the presence
of trypsin and under competition with the trypsin competitor BA (F, Equation 4.1). The
binding affinity of BA can be determined under the assumption that BA and TFBA compete
for the same binding pocket on trypsin, which contains a single primary substrate-binding
site. [77]

Displacement (F)-values (in %) were calculated based on the reporter relaxation rates
measured in the free state (R; r), under non-competitive conditions with trypsin only (Rz ),
and under competitive conditions in the presence of both trypsin and the competitor ligand
BA (Ry,) [17]:

(4.1)

Ry.—R
F:100><(1—2’—2’f)

RZ,nc - RZ, f

With knowledge of the known TFBA dissociation constant (Kp = 142 pM), [76] the
following equation was used to derive K; for competitor ligand BA [17]:

_ (100 - F) [C] Kp
"7 "F([Lr] + Kp)

(4.2)

The dissociation constant of the competing ligand yielded K; = 5.8 uM at the total
reporter ligand concentration (Lt) of 25 mM bound with 150 uM trypsin and in the presence
of the competing ligand (C) of 10 mM. The R; values obtained from the experiments are
given in Figures 4.6 and 4.7.

Importantly, the R; alteration upon displacement could be used to extract the dissociation
constant of the competitor ligand. This was possible with knowledge of the dissociation
constant (Kp) of the reporter ligand TFBA (142 uM), resulting in a calculated K; of BA
~ 6 uM, which indicates that BA is a relatively strong binder to trypsin. Our value is in
good agreement with literature values (13 pM - 16 uM) reported under different conditions
using NMR as the analytical method [74,78].
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4.8. Sensitivity and acceleration factor

Using a single multi-slice multi-echo (MSME) experiment for T, mapping, 10-11 echo
times could be acquired within 58 min (20 scans, SNRyyeral = 16), corresponding to an
effective R, measurement time of approximately 6 min per sample after TR optimization
(see Chapter 3).

In comparison presented in Figure 5.1, a conventional ?’F-NMR T,-relaxation CPMG
experiment (10 scans, 11 echo delays, SNRpjghest = 23) required about 18 min per sample
at 25 mM TFBA concentration using standard 5 mm NMR tubes.
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imple 1 NMR Tube

3 x Faster
9 x Throughput

3 x Less sample

TA anpie= 4 min

Simultaneous measurement

/ i ‘ < > [V=150-200 pl
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Figure 4.8.: Increased throughput and accelerated measurement via MRI sample paral-
lelization. Imaging and spectral acquisition of samples using different magnets
(15.2T and 11.7 T) with sample preparation (capillary and NMR tube) and
resulting MR signal outputs (MR images with nine samples, one spectrum per
one sample).

In terms of sample efficiency, the capillary-based setup required only 150 uL — 200 pL
of each sample, less than half of the volume typically needed for a 5mm NMR tube
(500 pL). The corresponding voxel volume in the imaging experiment was approximately
4 L, containing around 300 nmol of ’F nuclei at a TFBA concentration of 25 mM. Even
with these small sample volumes, sufficient sensitivity was achieved to detect relaxation-
driven signal changes, demonstrating the feasibility of MRI-based ligand screening at
sub-micromole scales.
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Thus, even without accounting for sample exchange and instrument adjustments, the
MRI-based approach provided approximately a threefold reduction in total acquisition
time. Moreover, by accommodating nine samples simultaneously, additional acceleration
and higher experimental reproducibility were achieved, as all datasets were recorded under
identical conditions, minimizing systematic variability.

In the present competitive assay, 1 mM of the competing ligand was already sufficient to
recover 90% of the TFBA signal, corresponding to a total of approximately 4 nmol of ligand
per voxel. In a high-throughput screening context, only a single concentration of the
competing molecule is required to characterize relative binding affinities [16], highlighting
the practical efficiency of this approach.
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Previous studies have demonstrated that MRI can be applied to detect ligand binding
through various contrast mechanisms. For instance, 'H-MRI has been used to monitor
relaxation changes of the surrounding water with fast spin echo (FSE) sequences, [42],
and paramagnetic contrast agents have been employed to shorten T; by forming chelate
complexes around target ligands [43]. Although these strategies provide valuable infor-
mation on molecular interactions, they typically depend on indirect observation of bulk
water or on the use of labeled or chemically modified ligands. Such modifications can alter
molecular affinity, reduce water solubility, or limit transferability to other protein systems.
Moreover, direct approaches require individual optimization for each new ligand, which
restricts throughput and general applicability.

To overcome these constraints, this work established a fluorine-based MRI strategy
that detects ligand binding events using a small fluorinated reporter molecule, without
requiring any modification of the protein or competing ligands. The assay is fully solution-
based and exploits the favorable magnetic properties and high sensitivity of the 1°F nucleus
while maintaining chemical simplicity and aqueous compatibility. This approach provides
an indirect readout of binding interactions through competitive displacement by BA of the
bound reporter ligand TFBA to the protein-trypsin: the affinity of an unknown competitor
ligand BA was derived from the reduction in reporter—protein binding fraction observed,
resulting in measurable changes in the TFBA’s transverse relaxation rate (R; = 1/T3).

Beyond the demonstration of the displacement principle, the study systematically evalu-
ated how experimental parameters, including echo time (TE), pulse sequence type, number
of echoes, and region-of-interest (ROI) selection, affect image contrast and the precision of
T, quantification. These analyses confirmed that the method achieves sufficient sensitivity
to discriminate between free and bound reporter states, to detect ligand-induced displace-
ment, and to quantify relaxation-driven signal differences under identical experimental
conditions.

By combining this concept with the intrinsic spatial encoding capability of MRI, nine
individual binding experiments could be performed simultaneously within a single mea-
surement. The integration of tailored 3D-printed sample holders in a capillary array
geometry with high-field MRI hardware enabled the implementation of these competitive
assays in a parallelized format. This design directly exploited T;-encoded contrast to
achieve high sensitivity, enhanced throughput, and robust quantitation of binding events.

Overall, this work demonstrates the feasibility and advantages of spatially parallelized
9F-MRI as a versatile platform for ligand screening. The simultaneous measurement
of nine samples within a single scan resulted in at least a threefold reduction in total
acquisition time compared to conventional single-sample experiments, highlighting its
potential for high-throughput applications on existing MRI systems.

In the following chapter, this competitive F-MRI framework is extended by incorporat-
ing sparse-sampling strategies to accelerate image acquisition and is applied to quantify
the binding affinities of multiple trypsin/CoAD-targeting ligands, thereby demonstrating
its suitability for systematic and quantitative drug discovery studies.
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5. Highly Parallelized Enzyme Inhibition
Imaging via Compressed Sensing

This chapter is based on work carried out in close collaboration with Dr. Al-
var G. Gossert and represents a direct continuation of the ligand-screening strategy
established in Chapter 4. The results presented here form the core of a manuscript
currently submitted for peer review. The focus of this work is the implementation
of a miniaturized honeycomb sample holder, enabling a high-density cell array that
further increases the experimental throughput achieved previously. In addition to
physical sample parallelization, the integration of compressed sensing provided
substantial acceleration of the acquisition time, allowing quantitative '°F MRI-based
ligand screening to be performed with improved efficiency. Dr. Gossert contributed
to the expansion of the ligand library to 55 compounds and coordinated the fabri-
cation, organization of the honeycomb holder, and provided guidance in terms of
binding affinity classification.

5.1. Introduction

Time is a critical factor in modern drug discovery, driven not only by the urgency to
respond rapidly to global health threats such as pandemics but also by the ongoing need
to develop effective treatments for chronic and rare diseases that continue to impact life
expectancy and quality of life. The efficiency of drug development pipelines increasingly
depends on the ability to generate, analyze, and interpret data with high reproducibility
and clinical relevance. Inaccurate or poorly validated data can lead to false positives or
negatives, causing significant delays, unnecessary costs, and potential safety concerns in
downstream clinical testing.

In recent years, artificial intelligence (Al) and machine learning (ML) tools have trans-
formed the early stages of drug discovery by enabling the rapid analysis of vast chemical
and biological datasets. These algorithms can process millions of molecular structures and
clinical data points within hours, identifying potential lead compounds and predicting
their physicochemical, pharmacokinetic, and pharmacodynamic properties with remark-
able speed [79,80]. Through such computational approaches, Al-guided high-throughput
screening (HTS) facilitates the prioritization of candidate molecules before costly experi-
mental validation, significantly accelerating the identification of new therapeutic leads.

While later stages of drug development focus on accurately predicting drug-enzyme
interactions in the bloodstream and assessing compound toxicity during preclinical and
clinical testing, such evaluations remain challenging. Factors such as metabolic conversion,
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Figure 5.1.: Compressed sensing and miniaturized cell array for highly parallelized enzyme
inhibitors screening. F-MR imaging is a powerful approach for studying
binding mechanisms of non-fluorinated drug candidates by exclusively moni-
toring the 'F signal alterations of a reporter binder (ligand) in competition
mode, interacting with the target protein in a physiological environment. By
spatially parallelizing various competitor ligands (drug candidates) within one
MR image covering 61 well-isolated cells in a honeycomb sample holder, the
validation of potential hits from a library of non-fluorinated drug candidates
is straightforward by observing physicochemical parameter motional changes
of a ligand upon binding. By adjusting how many data points participate in
the experiment, the advantage of the intrinsic redundancy of the MR images
can be used to accelerate the drug screening process by utilizing a compressed
sensing undersampling technique, without compromising image quality or
diagnostic efficiency.

plasma protein binding, and off-target effects often limit the reliability of computational
and in vitro predictions. Therefore, high-quality experimental datasets are indispensable
for validating these models and supporting the rational design of safer, more effective
therapeutics.

In contrast, the early stage of drug discovery is primarily driven by the systematic
screening of large and chemically diverse compound libraries to identify initial hits with
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specific interactions toward the biological target. Broad early screening maximizes the
likelihood of discovering molecules with both high affinity and favorable physicochemical
properties, while also capturing multiple binding chemotypes. This enables the derivation
of structure—activity relationships (SAR) and provides a robust foundation for subsequent
lead optimization.

The various strategies that accelerate the identification of high-quality hits include
parallelization, miniaturization, and automation. Several biophysical methods have been
established for this purpose, such as surface plasmon resonance (SPR), isothermal calorime-
try (ITC), differential scanning fluorometry (DSF), or nuclear magnetic resonance (NMR),
which can be used both for initial hit identification and for subsequent affinity determina-
tion. However, hardly any of these techniques satisfy all three criteria of high throughput
through parallelization, reduced sample consumption through miniaturization, and com-
patibility with automation. Existing approaches typically suffer from a lack of sensitivity
to weak binders (e.g., SPR or enzymatic assays), inherently low throughput (e.g., ITC), or
uncertainties in affinity determination (e.g., DSF or X-ray methods) [81-89]. As a result,
multiple orthogonal assays are often required to cross-validate results, yet these frequently
yield conflicting outcomes because the experimental conditions differ across techniques.

NMR stands out in that it fulfills all requirements essentially: it has the highest sensitiv-
ity to weak binding events and is the preferred method for screening of fragment libraries
with hits of very low affinity. Although the technique provides direct and label-free detec-
tion of molecular binding events, its sensitivity and dynamic range are governed by the
kinetics and affinity of the interaction. Ligand-observed NMR methods such as Saturation
Transfer Difference (STD) spectroscopy [90], Water-Ligand Observed via Gradient Spec-
troscopy (WaterLOGSY) [21], and Carr—Purcell-Meiboom-Gill (CPMG) relaxation-filtered
experiments [22,65] are particularly effective for detecting weak to moderate binders (Kp
in the micromolar-millimolar range) [64,91-95], where rapid exchange between the free
and bound states produces measurable relaxation or chemical-shift changes. Together,
these ligand-observed methods provide complementary sensitivity profiles across different
binding regimes, enabling reliable detection of a wide range of affinities. In contrast,
protein-observed techniques such as "H-!>N HSQC titrations are more suited for tighter
complexes (Kp below 10 pM) but often suffer from line broadening or signal disappearance
in the intermediate exchange regime [96].

Therefore, while NMR uniquely enables the identification and characterization of weak
interactions that are frequently overlooked by HTS, practical limitations in sensitivity and
exchange kinetics still constrain its ability to fully capture both extremes of the binding
spectrum. Hardware improvements, isotope labeling, and complementary imaging-based
methods such as F-magnetic Resonance Imaging (MRI) can help extend this range by
enhancing detection sensitivity and throughput.

As described in Chapter 4, MRI leverages spatially resolved MR signals from multiple
voxels to encode key biophysical properties, including molecular dynamics, diffusion, and
influences of the chemical environment [42,97-99]. Such parallelized information enables
the detection of intra- and intermolecular changes, thereby facilitating the monitoring of
protein-ligand interactions. In this context, transverse relaxation-weighted MR imaging
can distinguish signal magnitude differences correlated with the tumbling rates of free
and bound molecular states, applicable to both ligands and proteins.
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Building on this concept, fluorine-19 (*°F) ligand-based screening in an indirect compet-
itive mode has emerged as a powerful approach for detecting and quantifying molecular
binding events. Here, a fluorinated reporter molecule with low binding affinity is displaced
by a non-fluorinated competitor, that is, the lead compound under investigation. Because
the transverse relaxation rate of '°F nuclei is highly sensitive to changes in the chemi-
cal environment, this method enables the quantification of Kp of unknown competitors
through image contrast alterations resulting from reporter displacement [DF1].

Such MRI-based screening provides a direct link between molecular binding and spatially
resolved signal readouts, making it particularly attractive for early-stage drug discovery.
Validating strong ligands (Kp in the low nanomolar range) targeting specific biomolecular
sites offers valuable insights into disease mechanisms and target engagement. Conversely,
detecting weak binders with rapid dissociation rates (kog ~ 0.1s7!) and low binding affinity
(Kp > 100 uM) helps characterize transient interactions that may serve as starting points
for lead optimization.

At the same time, the practical context of drug discovery is defined by the scale of
modern screening efforts, both in terms of the number of molecules investigated and the
throughput required to evaluate them efficiently. Typical compound libraries encompass
millions of small molecules, a number that has grown with the adoption of combinatorial
chemistry [100] in the pharmaceutical industry (e.g., Pfizer: 4 million [101]; BHC, 2.75
million [102]; Novartis, 1.7 million [103]).

Consequently, acceleration strategies rely on optimized pulse-sequence design and effi-
cient manipulation of the k-space sampling scheme (see Chapter 2.4). However, to ensure
high image fidelity, data acquisition must still comply with the Whittaker—Nyquist-Shannon
sampling criterion, which dictates that the sampling frequency must be at least twice the
highest spatial frequency contained in the image.

To remind ourselves, the spatial frequencies of the MR signals are sampled in a so-called
k-space. Traditional MRI studies acquire multidimensional k-space data through 1-D
free induction decay (FID) or echo signals, which is slow for high-resolution or dynamic
imaging. Data sampling is still in sequential order in the frequency encoding (FE) direction,
with repetitions at each phase encoding (PE) step, constrained by the T; time (e.g., for a
living tissue, approx. 1 second). Thus, acquiring 256 PE lines can take approximately 4
minutes for 'H-MRI. The more phase encoding steps are required, the slower the scanning
speed. To expedite data collection, alternative methods have been explored.

Undersampling, a common k-space manipulation strategy, enables rapid imaging by
acquiring fewer data points, particularly in regions of k-space that contribute substantially
to the image contrast of interest. Because the central region of k-space encodes most of the
signal intensity and contrast, while the outer regions primarily define spatial resolution,
sampling can be concentrated in the center and reduced toward the edges. This structured
sparsity allows us to retain the essential MR information required to detect binding-related
contrast changes, while significantly shortening the acquisition time.

Radial sampling was an early approach for rapid k-space coverage using a non-Cartesian
trajectory, densely collecting low-frequency lines in a star-shaped pattern. Such trajectories
using time-varying gradient waveforms offer flexibility in sparsity patterns. Echo Planar
Imaging (EPI) introduced simultaneous sampling of echo trains in one acquisition step.
Subsequently, spiral undersampling techniques collected redundant data in spherical
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patterns, aligning scan times with dynamic processes like speech [104].

In conventional MRI, full k-space sampling is typically employed to preserve signal
integrity, suppress image artifacts, etc. However, in high-throughput MR screening appli-
cations focusing on ligand-binding assays, the objective is binary classification (hit, no
hit) rather than high-resolution imaging; thus, exhaustive sampling may not be necessary.
Accurate detection of binding events can be achieved using substantially undersampled
data by exploiting signal sparsity in an appropriate transform domain (e.g., the wavelet
domain). This leads to a more focused question: what is the minimal extent of k-space
sampling required to ensure robust quantification and classification in sparsity-driven MR
assays? In this chapter, this question is examined in the context of affinity screening.

Compressed sensing (CS) is a widely adopted sparsity-promoting method that facilitates
undersampling by exploiting low k-t sampling rates (sub-Whittaker-Nyquist-Shannon).
Using Cartesian k-space trajectories with random undersampling patterns requires full
sampling in the FE direction, allowing redundancy along the PE direction. By acquiring
only a fraction of the data (e.g. 32 out of 256 lines), imaging time can be accelerated fivefold.
While fewer encoding steps may introduce image distortions due to unmet Whittaker-
Nyquist-Shannon criterion [105, 106], reducing high-frequency noise has been shown to
mitigate artifacts and improve signal-to-noise ratio (SNR) [107].

Assuming a dataset of N samples, the total number of data points required for reliable
reconstruction depends on the frequency characteristics of the signal. If the relevant signal
components exhibit an oscillatory behavior with a maximum frequency of m Hz, then,
according to the Nyquist criterion, each sample requires at least n = 2m data points in the
time domain to be accurately captured. This yields a total requirement of 2m X N data
points across the dataset. In the context of k-space acquisition, let s denote the number
of acquired k-space points, which corresponds to 2s real-valued data points (assuming
complex-valued measurements). If the condition

2s <2m XN

is satisfied, then the compressed sensing strategy achieves a net reduction in acquisition
burden without violating fundamental sampling constraints. This expression thus provides
a practical lower bound on the number of measurements needed for successful reconstruc-
tion. Additional overhead related to sample handling or system delays can be incorporated
into this model to refine acquisition time estimates further.

Predicting the extent of acceleration achievable without compromising image quality
or diagnostic relevance depends on selecting appropriate k-space sampling patterns. CS
techniques are effective when the necessary data points and their k-space locations are
chosen to preserve the relevant image contrast. Given that medical images are highly
interpretable in specific transform domains and can be represented sparsely, CS is fre-
quently utilized in medical imaging applications (e.g. 3D abdominal MRI, free-breathing
DCE-MRI, 4-D flow imaging) [108]. Hence, the question arises: Why not take advantage of
CS for imaging-based drug discovery as well?
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This chapter of the thesis presents a highly parallel and sparsely sampled hit-to-lead
compound screening assay based on a '?F-MRI methodology. The approach combines
transverse relaxation measurements with compressed-sensing undersampling to accelerate
imaging. By monitoring ’F-signal alterations of the fluorinated reporter molecule 4-tri-
fluoromethyl-benzylamine (TFBA),in competitive binding with 55 non-fluorinated drug
candidates arranged in a densely packed honeycomb array, we successfully screened
potential inhibitors within a single °F-MR image acquisition. From this, 13 primary hits
capable of displacing bound TFBA trypsin were identified. We then quantified their binding
affinities K¢ by measuring changes in R; relaxation times in a dose-dependent manner,
effectively filtering out false positives.

To validate and further characterize weak binders, we constructed a reference library of
known TFBA competitors with different binding affinities (low to strong) and compared
their binding regimes with weak primary hits. By leveraging undersampling k-space
methods, and developing a highly spatially resolved assay using a custom honeycomb
sample holder, we were able to significantly reduce imaging time from 18 min[DF1] to 2 min
per sample while preserving diagnostic efficiency by monitoring variation in T,-relaxation
times (£ 20 ms).

As a disease-relevant case study, we applied our screening workflow to the CoaD
encoded enzyme phosphopantetheine adenylyltransferase (PPAT), which is a promising
target in the development of a novel class of antibacterial agents [109,110]. By analyzing
the displacement of the fluorinated reporter molecule (1-[3-(trifluoromethyl)-[1,2,4]--
triazolo[4,3-b]pyridazin-6-yl]piperidine—4-carboxylic acid (TTAPC), we identified three
non-fluorinated inhibitors with differing binding strengths as competitive displacers.
This demonstrates the successful extension of our °F-T; relaxation-based drug screening
methodology from the well-characterized enzyme trypsin to the more complex, disease-
relevant enzyme CoaD encoded PPAT.
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5.2. Material and Method

Solution preparation

In this study, two different protein-reporter ligand systems were prepared: trypsin paired
with TFBA (trifluoromethyl benzamidine), and PPAT (phosphopantetheine adenylyltrans-
ferase) paired with TTAPC (1-[3-(trifluoromethyl)-[1,2,4]triazolo[4,3-b]-pyridazin-6-yl]-
piperidine-4-carboxylic acid). While trypsin served as a robust and highly reproducible
reference system for method development, PPAT represented a structurally more complex
enzyme with more binding sites. TFBA has been extensively validated as a reporter ligand
for serine proteases such as trypsin, where it binds in the active site with a dissociation
constant that positions the equilibrium in the optimal sensitivity window for competitive
displacement. TTAPC was selected because it forms a stable complex with PPAT, main-
tains solubility under the assay conditions, and exhibits a relaxation profile suitable for
quantitative F-MRI readout. By applying the °F-MRI displacement assay to both protein
systems, we evaluated the transferability and robustness of the screening approach across
different binding environments.

Trypsin-TFBA

Trypsin from bovine pancreas was purchased as a lyophilized powder from Sigma-Aldrich
(T9935), and TFBA was obtained from Enamine (EN300-73109). A ligand-protein stock
solution of 50 mM of TFBA with 1.5 mM of trypsin was prepared in a PBS buffer (1x, pH
7.4, ThermoFisher, 10010-015), aliquoted, then frozen at —20 °C and stored until further
use.

The hydrophilic competitors were prepared in PBS buffer (Table A.2); meanwhile,
hydrophobic ones were prepared in different solvents (Table A.1). A 50 mM stock solution
of those compounds was prepared for phase 1 and phase 2, aliquoted, frozen, and stored at
—20 °C until further use.

PPAT-TTAPC

The E. coli protein PPAT was prepared as described by Lorz et al. [111]. A solution
containing PPAT and TTAPC was prepared by combining a 20 mM TTAPC stock solution
(dissolved in 7:8 v/v. DMSO:PBS) with a 100 uM PPAT stock solution, and diluting with
PBS to obtain the final protein and reporter concentrations. Competitor compounds were
added from two categories of stock solutions: (i) PPAT hits 14, 15, and 16 with a final
solvent composition of 1:1,5 (v/v) DMSO:PBS, and (ii) trypsin hits 1, 5, 6, 7, and 12 with
a final solvent composition of 1:2,6 (v/v) DMSO:PBS. In all cases, the protein, reporter
ligand, and competitor ligands were combined such that the final PPAT and TTAPC
concentrations remained constant across all 61 samples.

Sample loading

The final compound solutions for both protein systems were then filled into two different
sample holders: 2.4 mm OD glass capillary (CM Scientific) or the honeycomb sample
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holder with a microliter syringe (Hamilton Central Europe S.R.L.). Both ends of the sample
holders were sealed by UV glue (Delo Photoband). All samples were freshly prepared on
the measurement day and kept in a cooled transport container. They were then placed
into a custom-built 1°F-coil for data acquisition (probe details in [DF1]).

19F_MRI T,-relaxation experiments

All "F-T, relaxation experiments were performed on a Bruker 650 MHz (15.2 T) BioSpec
imaging system (Bruker BioSpin, Ettlingen) with a 15 mm diameter home-built ’F-coil.
Magnetic resonance (MR) images were acquired with RARE (Rapid Acquisition with
Relaxation Enhancement) protocol and T;-mapping experiments were performed using a
multi-echo spin-echo (CPMG-type) sequence as implemented in ParaVision 360 (V 3.3).
Imaging parameters are provided in the respective figures unless stated otherwise.

Statistical analyses were conducted using OriginPro 2025b (OriginLab Corporation,
Wellesley Hills, USA).

Compressed Sensing setup

The compressed Sensed (CS) images were reconstructed directly in ParaVision 360. In the
reconstruction interface, the following parameters were used and kept the same for all CS
experiments (Figure 5.2). Only the CS parameters of sampling and center area percentage
were varied in the resolution card.
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Figure 5.2.: Compressed Sensing reconstruction parameters on the ParaVision interface.

Python code for CS simulation

A custom Python script was employed to generate Cartesian undersampling masks for
numerical simulations. These masks were used to systematically vary the center-area
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(CA) and overall sampling (S) parameters, thereby illustrating their influence on the un-
dersampling pattern and enabling direct comparison with the corresponding experimental
datasets. In this convention, the total sampling fraction is S% of all k-space points, of
which CA% are placed in a fully sampled central square and the remainder distributed
uniformly at random. The code is attached as in Appendix A.3.

TFBA concentration optimization

In our previous setup in Chapter 4, the reporter ligand TFBA concentration was 25 mM
while the trypsin concentration was much lower (150 uM). Under these conditions, the
majority of TFBA molecules remained free in solution, and only a small fraction was bound
to trypsin.

In the present study, we reduced the TFBA concentration to 5 mM to accommodate a
large window of competitor ligands with weak binding affinity ranges by increasing the
bound reporter fraction. To reliably detect displacement across a broad range of competitor
affinities (K¢), the equilibrium between protein, reporter, and competitor must be tuned
to yield partial reporter occupancy [17,91]. In this regime, the observed '°F relaxation
rates represent a population-weighted average between free and bound reporter states,
providing maximal sensitivity to changes in binding equilibrium.

If the reporter binds too weakly, only a small fraction will associate with the protein,
resulting in low contrast and poor displacement sensitivity. Conversely, overly tight
binding prevents measurable release upon competitor addition. Maintaining a moderate
fraction of bound reporter (typically 30-70%) ensures that incremental addition of a
competing ligand induces detectable relaxation shifts that can be quantitatively related
to the competitor’s affinity [14]. This adjustment theoretically increases the fraction of
TFBA bound to trypsin and thereby enhances the detectable alterations upon competitor
displacement of the bound TFBA:

. _ (100 P)[CIKp
© " TF([L] + Kp)

For demonstration, we fitted the estimated K¢ values as a function of TFBA concentration
while keeping the protein concentration constant (Figure 5.3). Based on these calculations
shown in Figure 5.3, the detectable competitor affinity range K shifts from approximately
0.3mM to 1.6 mM by lowering the reporter ligand concentration. Thus, the equation
predicts that reducing TFBA expands sensitivity to weaker competitors. However, since
the goal of this project is to maximize measurement acceleration, we did not further reduce
TFBA concentration, as this would compromise signal-to-noise ratio. For consistency, the
binding constants derived from displacement experiments are denoted as K¢, distinguishing
them from the TFBA reporter’s intrinsic Kp (142 uM).

In particular, this adjustment should improve sensitivity to weak competitors with
higher K¢, which would otherwise fail to produce measurable displacement at excess
reporter concentrations.
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Figure 5.3.: Estimated K¢ as a function of reporter ligand concentration

Binding affinity classification

To facilitate interpretation of the competitive displacement assays, competitors were
categorized according to their experimentally observed fractional displacement values
(F%) using Equation 2.9, where the extracted R, values from the "F-MRI assay were
used. Rather than directly comparing the competitor’s apparent binding constant (K¢)
to the reporter ligand TFBA (Kp = 142 uM), the classification relied on the empirically
established relationship between F% and the expected K¢ range under the assay conditions
([LT] = 5mM TFBA, [C] = 30 mM competitor, [Pr] = 150 uM trypsin).

This displacement-based scheme provides a practical and robust criterion to classify
competitors without requiring exact Ko extraction in the initial screening step. The
numerical rule applied in this study is as follows:

« Strong: F =99-85% corresponding to Ko = 8—140 uM
« Weak: F =84-65% corresponding to Ko = 141-450 uM

+ Very-weak: F = 64-30% corresponding to K¢ = 451-2000 pM

For example, a competitor producing F = 92% falls into the strong-binding regime,
whereas one giving F = 70% is assigned to the weak-binding regime. Displacement values
below 50% indicate very-weak or negligible binding. The mapping between F and the
corresponding K¢ ranges provides the quantitative justification for this classification.
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5.3. Miniaturized cell array and sparse sampling

In previous chapters, we demonstrated a 1?F-MRI ligand-based assay using a simultaneous
T, mapping methodology to screen 9 densely localized samples containing three different
types of ligand-protein binding in competition mode using a well-studied trypsin (protein)-
4-trifluoromethylbenzamidine (TFBA, reporter)-benzamidine (BZD, competitor) system
[DF1].

In this work, sample parallelization was increased by employing a further miniaturized
honeycomb cell array for ligand screening. The overall goal was to achieve the highest
possible throughput and acceleration factor within the available spatial resolution of
the custom-built °F RF coil (15 cm diameter, details in Figure 3.2.3) while maintaining
an optimal signal-to-noise ratio (SNR). To this end, several interdisciplinary objectives
concerning MRI technique—biochemistry of investigated molecules were pursued:

« Sample parallelization and undersampling: Development of a miniaturized hon-
eycomb cell array accommodating up to 61 compounds within the active detection
volume of the home-built coil, combined with the implementation of spatial under-
sampling strategies and compressed sensing reconstruction to increase acquisition
throughput while preserving image quality.

« Optimization of SNR, spatial resolution, and acceleration: Adjustment of
RARE imaging parameters and voxel geometry to achieve the highest feasible accel-
eration factor (AC), accounting for trade-offs between spatial resolution, reporter
concentration, and overall SNR performance.

« Expansion of the detectable binding-affinity range: Broadening of the dynamic
detection window within the competitive '’F-MRI framework to allow quantitative
analysis of both strong and weak competitors, extending into the millimolar (K)
affinity regime.

« Extension to complex enzyme systems: Transition from the well-characterized
trypsin-BZD-TFBA benchmark to the structurally and mechanistically more com-
plex CoaD/PPAT enzyme, employing the TTAPC reporter ligand. Thereby, the
methodology is validated beyond a model enzyme, demonstrating its potential
applicability for broader drug discovery and pharmaceutical screening efforts.

Sample parallelization and voxel size

For the first step towards higher parallelization, the degree of sample parallelization was
extended from 9 (in the original work) to 61 using a custom sample holder in a honeycomb
shape designed to exploit the readily accessible physical space inside our home-built
9F-coil [DF1].

To ensure optimal imaging resolution and spatial discrimination of individual compart-
ments (cells) within the custom-built honeycomb sample holder (Figure 3.5), the image
matrix was optimized without altering the field of view (FOV), as it was already matched
to the active detection volume of the RF coil. From an imaging perspective, such spatial res-
olution is essential to prevent partial-volume effects between neighboring compartments
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and to accurately map variations in '°F signal intensity arising from different reporter
displacements. Adequate voxel definition ensures that each cell contributes a distinct
localized signal, allowing reliable quantification of signal heterogeneity across the array.

Fully Sampled Sampling / Center Area
Capillary Setup 60/16 40/16 20/16 13/13
B B .
L '
. )
SNR - 14 SNR 16 15 a wa
Voxel =4 mm?
AC 1.7 27 53 8

Honeycomb Setup

SNR =7 SNR
Voxel = | mm? 7
AC 1.7 24 3.6

I9F- Signal + T
Intensity Scale
Free «——— Ligand Bound
Binding State

SNR

AC 1.7 2.4

Figure 5.4.: CS parameter optimization on capillary and honeycomb sample holder system
using spin echo pulse sequence. °F-T,-maps of seven trypsin-TFBA-BZD
experiments in capillaries and a 55 compound screen in a honeycomb sample
holder are shown. Fully sampled (left column) and undersampled experiments
with SNR values are given for comparison. k-space sampling percentages
and center area amounts were varied and are given over each image, and
acceleration factor values together with SNR are given beneath the images.
Only two samples are labeled: = F (red) free TFBA and B (cyan) trypsin-bound
TFBA. The imaging parameters for the capillary system reference image were
FOV 20 mm X 20 mm, MTX 32 x 32, SL 10 mm, TR/TE = 2.5s / 200 ms, NEX
20, TA 38 min and for the honeycomb sample holder FOV 20 mm X 20 mm,
MTX 64 x 64, SL 10 mm, TR/TE = 6 s / 200 ms, NEX 500, TA 2 h. The color bar
indicates the F signal intensity scale used to visualize the reporter ligand in
its free and bound states, allowing direct comparison of relative intensities.
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Inadequate resolution would cause signal averaging between adjacent cells, blurring
intensity boundaries, and compromising the sensitivity of subsequent analyses, such as
competitive binding contrast evaluation [112-114]. As this F-MRI ligand screening
protocol is designed to operate under undersampled acquisition schemes, minimizing
blurring and related artifacts was essential to maintain image fidelity and quantitative
reliability.

As a starting point, the in-plane matrix size was set to 64 X 64 while maintaining a
constant FOV of 20 mm, yielding an in-plane spatial resolution of approximately 312 pm.
With a slice thickness of 10 mm, this corresponds to a nominal voxel volume of ~0.97 mm?>,
which was sufficient to spatially resolve adjacent cells in the honeycomb array that are
separated by 150 pm wall thickness (Figure A.1). The chosen resolution thus represents a
practical compromise between spatial fidelity, SNR, and total acquisition time within the
constraints of the parallelized °F-MRI setup.

The spatial resolution optimization was performed using a 5 mM TFBA reporter con-
centration instead of 25 mM, as used in the previous work [DF1]. The rationale for this
adjustment was discussed in detail in the previous chapter (Materials and Methods).
Since the reporter ligand concentration was reduced, the corresponding protein (trypsin)
concentration was also re-evaluated to maintain a detectable binding equilibrium. This
adjustment ensured sufficient °F signal contrast for the quantification of binding affinities
of non-fluorinated competitors, where strong signal discrimination is required to assess
displacement effects accurately.

Signal contrast optimization

The optimal protein concentration and echo delay time (TE) for the spin echo RARE
protocol were determined by investigating the °F-signal contrast Cs; on the MR images
using the honeycomb sample holder. By comparing the '°F signal intensity (SI) of the
TFBA reporter in the free (f, free) and trypsin-bound states (b, bound), we calculated the
contrast (adapted [24]):

SIy — Sy

Cqor = X 100 5.1
S 3 (5.1)

Using 5 mM TFBA, a ?F-Cgj of 84% was achieved with a trypsin concentration 300 uM.
A TE time 200 ms was chosen to ensure large assay windows for competition experiments
where the contrast should be greater than 70% [24]. These values were used for single-echo
displacement experiments (referred to as Phase 1, primary hit screening) in all experiments
unless otherwise described.

101



5. Highly Parallelized Enzyme Inhibition Imaging via Compressed Sensing

Towards undersampling: CS

To accommodate the increased sample density in this work, experimental parameters were
updated relative to the previous 9-capillary version[DF1]:

« Reporter ligand TFBA concentration and volume was reduced (25 mM to 5 mM, and
200 pL to 50 pL)

+ Acquisition matrix size was increased from 32 x 32 to 64 x 64

These experimental conditions, particularly the 20-fold reduction in reporter concentra-
tion, necessitated longer measurement times to maintain sufficient SNR. In the previous
chapter 4, the per-sample acquisition time for the '’F-T, measurement was approximately
18 min using a conventional NMR setup (measurement per sample, not in a bundle). Imple-
menting the 9-capillary array reduced this measurement time to about 6 min per sample,
corresponding to a 3-fold acceleration. With the current honeycomb configuration (61
miniaturized individual experiments under one MR scan), the measurement time was fur-
ther decreased to roughly 2 min per sample, yielding an overall 9-fold speed-up relative to
the conventional single-sample experiment. This additional acceleration became possible
through the integration of compressed-sensing (CS) undersampling, which compensated
for the otherwise increased acquisition time.

Since the CS technique is achieved by skipping some k-space data that are normally
acquired, two parameters in ParaVision (Bruker) were optimized for good diagnostic
efficiency and image quality: sampling (S) and center area (CA). The degree of sampling (S)
altered the total number of phase encoding steps collected relative to the whole k-space.
By adjusting the parameter center area (CA), the distribution of collected k-space data
points between the central and peripheral regions was optimized (k-space visualization of
experimental results in Appendix A.2). We investigated the optimal k-space undersampling
through CS parameter optimization, where image quality was kept as high as possible and
extracted T,-relaxation time deviations were minimized to maintain diagnostic efficiency
compared to the fully encoded T,-weighted images.

As a reference point, multi-echo T;-relaxation experiments using compressed sensing
were first carried out using the capillary system with a larger sample volume (200 pL) to
investigate the correlation between the two CS parameters, spatial resolution factor, and
the T;-relaxation time of the observed protein-ligand experiments. To accomplish this,
seven capillaries containing 5mM free TFBA with 300 uM trypsin, and five different BZD
experiments ranging over 100 pM - 500 uM were investigated by varying the acquired
k-space data sampling percentage and center area. In our compressed-sensing T,-weighted-
YF-MRI experiments, k-space was acquired with the RARE encoding scheme (order of
acquisition), where the phase-encoding lines are distributed across successive echo trains
rather than being sampled strictly linearly.

The fraction of k-space sampling was varied between 16% and 56% of the central area
while keeping an overall sampling of 60%. The results were compared to the TFBA¢e
sample from the fully sampled reference T,-weighted '’F-MR image carrying 7 capillaries
(sample "F" in Figure A.1). The remaining noncentral k-space data points were selected
randomly in the outer spatial frequencies of the 32 x 32 matrix.
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5.3. Miniaturized cell array and sparse sampling

SNR analysis based on the sample denoted "F" demonstrated that an increased number
in the central k-space region by varying CA parameter only changed the SNR values pro-
portionally without impacting the imaging time, since the low spatial frequencies located
in this region encode image contrast and smooth structures. In the case of the honeycomb
sample holder, less central k-space data point collection led to aliasing distortions and
caused signal overlapping of the neighboring samples. These artifacts were also observed
when fewer phase encoding steps (lower sampling points) were collected. Even though
we lowered the CA values up to 16%, the blurring appeared only when the S was less than
50%, proving the inverse dependency for the Whittaker-Nyquist-Shannon criteria.

By varying S between 20% and 60% with a central k-space coverage of 16% to investigate
the trade-off between CA and S, we aimed to identify the highest feasible acceleration factor.
The T;-weighted images of sample F exhibited blurring artifacts as S decreased to 40%,
and the derived T; relaxation times showed increasing deviations from 4 ms for 56% S to
138 ms when S fell below 30%. Although blurring effects were also present at 40% sampling,
each experiment’s region of interest (ROI) was moderately isolated to allow independent
T,-time analysis, despite minor signal overlap between neighboring experiments. Thus,
for both sample holder systems, we could reduce the S to 43 % — 40 % with an acceleration
factor of 2.7 for the capillary system and 2.4 for the honeycomb system and still perform
distinctive ROI analysis on the undersampled °F-images (Figure A.1). To eliminate signal
overlap between neighboring cells for the honeycomb structure, the spatial resolution was
enhanced by a factor of 4 compared to the capillary system.

The optimal balance between SNR and acceleration was achieved with 43% coverage of
the central k-space and S of 43% for both sample holders. This configuration resulted in only
a minor deviation (approximately 20 ms) in the measured T, relaxation time for experiment
F while enabling drug candidate screening per sample within just 2 min. Therefore, these
CS parameters were applied for the primary hit screening (phase 1) as well as for the
binding affinity determination of the lead competitors (phase 2) described below.
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5.4. Reference competitor system for weak binders

Low-affinity (K¢ over 250 pM) competitors may be mistakenly classified as non-binders
when their displacement of the reporter produces only subtle changes in the observed °F
signal, particularly under limited contrast or SNR conditions. In the fast-exchange regime,
the measured chemical shift and transversal relaxation rates (R;) are population-weighted
averages of the free and bound reporter states; consequently, the detectable contrast scales
with the change in reporter occupancy upon competition adapted from [115]:

A =6, — 0, = [Pr] [Pr]

Kp + [PT] KD(l + %) + [PT]

C

where 6, and 6, denote the reporter occupancy in the absence and presence of a competi-
tor, respectively; [ Pr] is the total protein concentration, [C] the competitor concentration,
Kp the dissociation constant of the reporter ligand, and K¢ the inhibition constant of the
competitor ligand. A small A9 implies that only minor population shifts occur, leading
to minimal observable contrast. This situation arises when K- > [C], i.e., when the
competitor binds much more weakly than the reporter, or when the reporter—protein
complex is nearly saturated ([Pr] > Kp) [116].

For example, in a TFBA-trypsin system with Kp = 150 uM and [Pr] = 300 pM, addition
of a weak competitor with Ko = 2mM at [C] = 5 mM yields:

j2 0.3
6, = Prl  _ = 0.667,
Kp + [Pr]  0.45
and P
0, = LPr = 0.364.

KD(l + [K—C;]) + [Pr] 0.825
Thus, the fractional occupancy change is
AO =6y — 0. =0.667 — 0.364 = 0.303.

In this case, the calculated occupancy change of Af ~ 0.30 indicates that roughly 30% of
the bound TFBA population is displaced by a competitor with K¢ = 2mM at [C] = 5mM.
Although this displacement is biochemically significant, it corresponds to only a modest
change in the observed F signal. Under the imaging conditions employed here, where
spatial undersampling, limited SNR, and relaxation weighting influence contrast, such
subtle differences may fall below the visually detectable threshold. As a result, weak or
high (micromolar to millimolar) affinity competitors can appear as non-binders in MR
images despite measurable interaction at the molecular level.

In practice, even when competitor concentrations are increased, the achievable contrast
gain often may remain limited by partial-volume averaging and undersampling-related
artifacts inherent to the imaging process. This highlights the need for a calibrated reference
library to correlate measured MR contrast with known binding affinities and thereby
improve the reliability of affinity classification in parallelized '*F-MRI screening.
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To mitigate this challenge and strengthen the reliability of our F-MRI hit screening,
we further created a reference competitor system using the capillary system with known
trypsin competitors for TFBA spanning a range of binding affinities: BZD (strong binder, K¢
=35 uM), BZA (weak binder, 300 uM), and MZA (very weak binder, K¢ = 1.5 mM) [117-119].
The capillary sample holder accommodated a larger sample volume (200 pL) compared
to a single honeycomb cell (50 uL), thereby improving SNR 4-fold. The strategy was to
determine the binding affinities of weak TFBA competitors, estimate detection thresholds
for these competitors, and monitor possible aggregation using an optimized capillary

system.

Fully encoded, dose-dependent T-weighted ’F-MRI experiments were conducted using
the same TFBA (5 mM) and trypsin (300 pM) concentrations to establish the reference
competitor library for trypsin inhibitors in different concentration ranges (Figure 5.5).
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Figure 5.5.: Reference competitor system for TFBA displacement with BZD, BZA, MZA.

(A) T,W snapshots of TFBA using fully encoded MSME imaging protocol, com-
petitors at different concentrations (A - F). The competitor molecular structures
and calculated signal contrast (calculated between sample A and F for each
competitor) are given under the snapshots. (B) Displacement percentages (F) of
bound TFBA (green) to trypsin (300 uM) are shown as a function of competitor
concentrations in a range of (5 mM - 60 mM (white)). The TFBA displacement
experiments (A — F in the MR images) are in different concentrations: A indi-
cates the highest competitor concentration and E the lowest. The numbers of
experiments correspond to 1 for BZA and 2 for MZA, accordingly. The imaging
parameters were FOV 20 mm X 20 mm, MTX 32 X 32, SL 10 mm, TE = 200 ms,
NEX 500, TA 2h - 4h depending on the TR selection. Voxels correspond to a
volume of approx.4 mm?® per sample. The compressed sensing step was not
applied.
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YF-signal-based displacement analysis demonstrated detection sensitivity sufficient
to distinguish the weak binder BZA and the very weak binder MZA, with a calculated
K¢ of approximately 1 mM and 200 pM, respectively. In addition to the displacement
behaviour, the SNR based on the contrast of the highest displacement (A samples for
three competitors) was utilized as an indicator of the practical detectability of competitors
with different binding strengths. The strongest competitor, BZD, achieved the highest
displacement (75%) at 1 mM, whereas BZA and MZA induced maximum displacements of
60% at 30 mM and 50% at 60 mM, respectively. As the binding affinity decreased (A1 to
A3), the fractional displacement became smaller (75% to 50%), which directly lowered the
SNR of the displacement readout.

In the reference trypsin system (Figure 5.5), strong competitor BZD produced bright,
high-SNR (over 10) free-ligand signals due to nearly complete displacement of TFBA.
Compounds with weaker affinity (BZA or MZA) generated progressively lower SNR values
because only partial displacement occurred, resulting in reduced contrast between the
displaced and protein-bound reporter ligand pools.

This behaviour highlights the intrinsic sensitivity limits of the '’F-MRI screening plat-
form. When the difference between the displaced and the bound reporter fraction becomes
too small, the image contrast and SNR fall below the threshold required for reliable quantifi-
cation. Therefore, characterizing the SNR dependence across strong, weak, and very-weak
competitors was essential for identifying the operational detection limits of the system
and for defining the affinity regime in which the assay remains robust.

T,-weighted '°F-MR image contrast in the displacement experiments became distin-
guishable for all three binding-affinity regimes at a competitor concentration of 30 mM.
This concentration was therefore defined as the threshold distinguishing weak and very
weak competitors.
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5.5. Phase 1 - Highly parallel hit screening

Phase 1 represents the initial step towards the ligand screening workflow and is concep-
tually analogous to the hit identification phase in pharmaceutical drug discovery pipelines.
At this stage, a broad set of non-fluorinated potential competitors was evaluated for their
ability to interact with the protein by displacing a fluorinated reporter ligand.

‘ Phase 1 - Ligand Screening Workflow ‘ ‘ YF-MRI Signal Outcome ‘
Competitor
61 cells Honeycomb Lead Competitor Screening Strenght

2000, a0 0a®
......... Reporter & Protein ’........ S y
020202020 " 02020020

03020508 -, JOYES2E
020202020 L ) _ala®

Figure 5.6.: Phase 1 - Hit identification workflow to '’F-MRI read-out based on the reporter
ligand’s signal alteration. The highly parallelized °F-MRI assay enables simul-
taneous monitoring of ligand displacement reactions in a 61-cell honeycomb
arrangement. An F-MR image of the mixture of fluorinated reporter ligand,
target protein via RARE protocol reflects the degree of reporter displacement,
which is directly linked to the competitor’s binding affinity. Strong competitors
(S) fully displace the reporter, yielding high signal recovery, whereas weak
(W) or very weak (VW) competitors produce intermediate contrast, and non-
binders or control protein bound (B) remain dark. The highest signal intensity
serves as a reference-free output, which indicates the free reporter ligand.

In the pharmaceutical industry, this corresponds to the primary screening step in the
early stage of drug discovery, where large compound libraries are systematically tested
to identify initial hits that exhibit measurable target engagement [120-122]. In this, a
parallelized "’F-MRI readout shall enable simultaneous monitoring of the displacement
of non-fluorinated competitors against fluorinated reporter ligands within a structured
honeycomb array. Each voxel represents one individual binding condition, allowing
multiplexed detection of ligand competition events in a single imaging experiment.

The primary hit screening aims to narrow down these initial hits by quantifying their
apparent binding strength relative to the bound reporter ligand’s °F-signal intensity
recovery from the bound state using transversal (T;) relaxation approach. Compounds
that induce near-complete recovery of the reporter belong to the strong-binding regime,
whereas partial or negligible recovery identifies weak or non-binding competitors.

107



5. Highly Parallelized Enzyme Inhibition Imaging via Compressed Sensing
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Figure 5.7.: Miniaturized T-weighted-!°F-MRI compound screening in a honeycomb-
shaped sample holder accommodating 61 cells. A) Localization of individual
experiments in isolated cells representing three binding experiments based on
9F-signal alteration of the fluorinated reporter ligand-TFBA at TE = 20 ms: free
TFBA-5 mM (F-red), trypsin-bound TFBA (300 uM trypsin) (white-B), displaced
TFBA (not labeled). B) Detection of primary hits (30 mM (yellow)) upon dis-
placement based on the °F-signal recovery of the trypsin-bound TFBA using a
spin echo RARE protocol. C) Technical details of the honeycomb sample holder
and a representative picture of one of the fabricated holders. D) Validation of
primary hits as competitor candidates based on their displacement strength at
TE = 200 ms. All listed chemicals with abbreviations are detailed in table 5.1
and 5.2. The imaging parameters were FOV 20 mm X 20 mm, MTX 64 X 64, SL
10 mm, TR = 2.5, NEX 500, TA 2h 5 min. Voxels correspond to a volume of
0.97 mm? per sample. Compressed sensing parameters are 43% sampling / 43%
center area. Structure visualization of trypsin (PDB ID: 1TGB).

Once experimental conditions with the amount of TFBA and trypsin (as described in
the first section in this chapter) were optimized, a library of 55 compounds was screened
to filter primary hits that may displace bound TFBA from trypsin binding pocket. We
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included triplicate control samples of free TFBA and trypsin-bound TFBA for signal
intensity normalization, bringing the total number of samples to 61. Compound screening
was done at 30 mM of competitor concentration, ensuring a large excess was available for
weak competitors to cover even a small fraction of a TFBA displacement.

The primary hit screening experiment was conducted using a *’F-MRI Rapid Acquisition
with Relaxation Enhancement (RARE) sequence, employing two echo times (TE) to visually
represent two different states. At the short echo time (TE = 20 ms), the spatial arrangement
of samples, positive control (free TFBA), negative control (TFBA bound to trypsin), and var-
ious competitor candidates, was visualized, showing the filling pattern of the honeycomb
holder (Figure 5.7A). In the T>-weighted image, the variation in TFBA signal intensities
arises primarily from local B; field inhomogeneities, which are amplified in multi-echo
spin-echo-based acquisitions. Small air bubbles introduced during the sample-loading
may process distort the local magnetic susceptibility, producing microscopic field gradients
that lead to accelerated dephasing and thereby artificially shortened apparent T; effect in
affected voxels. Thus, free and bound TFBA samples were marked on the image.

Primary hits were identified using a single-point CPMG experiment (TE = 200 ms)
where T, contrast alterations were assessed. By increasing the TE time to 200 ms, we
have recorded also the signal recoveries of the bound TFBA done by the displacement
of competing compounds as brighter images. 13 primary hits from 55 compounds were
identified based on the fraction of reporter °F-signal recovered (Figure 5.7B, yellow). The
fraction of signal recovered was calculated by taking the ratio of the displaced °F-signal
to the free TFBA "F-signal, where the displaced TFBA was the difference between the
YF-signals in the displaced and bound states.

Hits were grouped into three affinity categories (strong, weak, very weak) according
to their signal recovery: strong binders (99-85%, weak binders (84-65%, and very weak
binders ( 64-30%). This classification guided further quantitative affinity determination
(numerical details in Material and Method section).

The strongest displacement of bound TFBA, corresponding to a signal recovery of
70-99%, was observed for compounds 1, 5, 10, and 13, all of which contain hydroxyl-
bearing functional groups, as well as for the known trypsin inhibitor 7 (benzamidine). The
pronounced restoration of the F signal in these cases reflects near-complete release of
the reporter ligand from the binding site, indicating with high-affinity competitive binding.
Those hits have hydroxyl moieties which suggests a common interaction motif, likely
involving hydrogen bonding with residues of the trypsin S1 binding pocket or the catalytic
triad (His57, Asp102, Ser195) [123-125]. Such polar interactions have been widely reported
to stabilize non-covalent complexes with serine proteases and contribute substantially to
ligand affinity and specificity.

Hits 3, 6, and 12 yielded intermediate signal recovery above 50%, indicative of partial
reporter displacement and hence classified as weak binders. In contrast, hit 8 showed only
minimal recovery of 13%, comparable to hits 2, 4, 9, and 11, which were thus categorized as
very weak competitors (Figure 5.7D). The remaining 42 compounds exhibited no detectable
change in the '°F signal relative to the negative control and were therefore assigned as
non-binders under the present assay conditions.
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5.6. Phase 2 - Affinity determination of trypsin lead
competitors

A Phase 2 assay was established to differentiate true binders as lead competitor from the
13 primary hits identified in Phase 1 by employing a dose-dependent competition format.
In this secondary screening stage, the reporter displacement was monitored across a range
of competitor concentrations to extract quantitative binding information and validate
hit binding affinity. This step is critical in early-stage drug discovery, as it enables the
identification of false positives and aggregation-based artifacts that can compromise initial
screening outcomes [15].

False-positive hits typically are detected as binders due to non-specific assay effects such
as colloidal aggregation, compound precipitation, or indirect signal interference rather
than accurate molecular recognition. Aggregation in particular can enclose the target
protein and artificially induce apparent reporter displacement or inhibition, leading to
steep, non-saturable dose-response curves [126, 127].

Within the MRI-based assay, these phenomena can be recognized by an atypical or
non-monotonic signal-concentration relationship or irreproducible signal recovery across
repeated measurements. By integrating the dose-response design, only ligands that display
a consistent, concentration-dependent restoration of the free-state Y signal are advanced
as lead competitors. This validation step ensures that the screening outcome reflects
genuine competitive binding rather than non-specific or aggregation-driven effects.

TE time selection

For this purpose, T-relaxation time alterations of the trypsin-bound reporter TFBA °F-
nuclei were monitored upon the addition of 13 hits in a titration series, using identical
sample preparation and imaging parameters to phase 1 except for the TE time window. A
broader TE series ranging from 20 ms to 1100 ms (7 echo points, RARE factor of 9) was
used to sample the full signal decay curve, allowing a more accurate and noise-robust fit
of the T, relaxation constant compared to the two-point estimation in screening.

Competitor concentration choice

The hit concentration series for Phase 2 measurements was defined based on the TFBA °F
signal recovery profiles obtained in the phase 1 screening, which classified compounds into
strong, weak, or very weak competitors. Benzamidine (BZD, hit 7) served as a reference
inhibitor representing the strong-binding regime, with a known binding affinity of approx-
imately 6 uM [DF1]. Accordingly, compounds exhibiting recovery amplitudes comparable
to BZD were evaluated over a concentration range of 500 uM to 10 mM. This interval was
sufficient to cover the expected displacement behavior of high-affinity competitors, while
avoiding unnecessarily high concentrations that could induce aggregation or nonspecific
relaxation effects. Owing to the pronounced displacement observed for these ligands,
concentrations beyond 10 mM were not required.
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Weak and very weak competitors, in contrast, required higher test concentrations to
achieve measurable reporter displacement. For such compounds, titrations were performed
up to the solubility limit of each ligand, typically between 20 mM and 60 mM (Figure 5.8).
In cases where solubility restrictions occurred, DMSO content was kept below 40 % (v/v) to
minimize solvent-induced changes in relaxation or protein stability. Concentration points
were selected to ensure adequate sampling of both the linear and plateau regions of the
dose-response curve, enabling accurate extraction of the apparent displacement constant
Ke.

Binding affinity determination

After the careful selection of the primary hit concentration points for the dose-response
displacement study, the binding affinities of the competitors K- were determined first
extracting displacement (F)-values (in %) of the reporter ligand TFBA to calculate the ICs,
from the transverse relaxation rate (R,) values. Ry-rates of the TFBA were calculated from
measured T;-relaxation times in different binding states: free state (Ry s), trypsin-bound
state in the absence of a competitor ligand under non-competitive conditions (Ry,.), and
TFBA displaced in the presence of trypsin and a competitor ligand (Ry.) [17].

(5.2)

R,.,— R
F=100><(1—2’C—2’f)

RZ,nc - R2, f

Here, F = 0% indicates no displacement (fully bound reporter), and F = 100% represents
complete displacement to the free state. The F values were fit with the four-parameter
competitor concentration dose-response equation [?]:

(A-Ay)
F=A- —= (5.3)
()

F denotes the normalized displacement fraction, defined relative to the baseline signal
Ay, which corresponds to the condition without any competitor ligand ([C] — 0). The
upper plateau A was set to 100 % to represent complete displacement of the reporter ligand
TFBA. The parameter ICs is obtained from fitting the dose-response relationship of F as a
function of the competitor concentration [C] and reflects the concentration of competitor
required to displace 50 % of the bound TFBA under the given experimental conditions.
The Hill coefficient n, describing the slope of the transition region and indicating potential
cooperativity in the displacement process, was fixed to n = 1, consistent with a non-
cooperative, one-to-one competitive binding mechanism expected for this MR-based assay.

The displacement F slope provides a concentration-dependent visualization for displace-
ment efficiency. Hits clustered into two regimes, strong and weak, where each exhibited
an exponential-like displacement response (Figure 5.8C). Meanwhile, the regression curve
of hits 2, 3, and 9 became more linear, which might be the first indication of possible
aggregation between protein and ligands (Figure 5.8D). Another reason could be that
F-signal intensities of those in competition mode were under the range of the signal
detection limit.
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Figure 5.8.: Lead competitor validation for trypsin based on TFBA displacement efficiency.
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(A) Impact of competitor concentration on F-signal recovery of free TFBA,
shown in a compressed-sensed single T,-weighted image (TE = 200 ms) of
13 primary hits. Honeycomb cell containing free TFBA is marked in red (F),
and dose-dependent displacement of the bound TFBA by hit 2 (H2, yellow).
Numbers indicate competitor concentration in the mM range. (B) Displacement
strength ranking for primary hits, expressed as the competitor concentration
([C], mM) required to achieve 50% TFBA displacement (ICsy). Lower ICs
values indicate stronger binding competitors. K¢ denotes relative competitor
strength. (C) Two displacement regimes (strong, weak) with representative
competitors and their chemical structures (compounds 1-9) plotted as a fraction
of free TFBA signal recovery (F, %) versus competitor concentration. Dashed
horizontal line marks the ICsy threshold. Compound 7 served as a reference
strong displacer. (D) Outlier displacement profiles (compounds 2, 3, and 8)
showing upward curvature at high concentrations, indicating possible protein-
ligand aggregation. The imaging parameters were FOV 20 mm X 20 mm, MTX
64 X 64, SL 10 mm, TR/TE = 6 s / 200 ms, NEX 400, TA 2 h. Voxels correspond
to a volume of 0.97 mm? per sample. Compressed sensing parameters are 43%
sampling / 43% center area.
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Table 5.1.: K¢ of strong competitors of TFBA as determined by a titration in a honeycomb
sample holder

Hit Abbreviation Chemical Name Kc [mM] Literature values [mM] or
Explanation
1 D-GL D-(+)-Glucono-delta- 0.04 £0.1 —
lactone
5 CA Citric acid 0.09 £ 0.1 —
6 HMBA 2-Hydroxy-3- 0.24 +£0.1 —
methylbutyric acid
7 BZD Benzamidine 0.05+0.1  0.013"81-0.016 "*1-0.035 [118]
10 AA Alginic acid 0.04 £0.1 —
12 BAEE N-benzoyl arginine 0.34 £ 0.1 Substrate (0.25 < K, <
ethyl ester 1) [128]

By extracting the ICso-parameter (Figure 5.8C), we aimed to achieve rapid and robust
estimation of competitive binding affinities, facilitating hit ranking and comparison across
compound series without excluding the weak binders, which may never reach the full
displacement of the bound TFBA. Utilizing the ICsy-values, we classified hits 1, 5, 7, and
10 as strong binders, defined as compounds with [ICs5y] < 5mM, since they require
low competitor concentrations to achieve 50% displacement of TFBA. Hits 6, and 12,
by contrast, exhibited [ICso] > 5 mM and were therefore considered weaker displacers
(Figure 5.8B).

The determined ICso-values are highly useful to rank individual hits, but they only reflect
the potency of a hit in a given assay. Therefore, in order to be able to compare between
assays, binding affinities of competitors K- were determined.Therefore, the following
equation was used with the knowledge of the known reporter TFBA ligand’s dissociation
constant (Kp = 142 M [76]) [17]:

~ (100 - F)[C]Kp

© T (] + Kp) .

, where Lt is the concentration of the reporter ligand (here TFBA). Rearrangement
resulted in the following equation:

_ [IC5]Kp
Ke= [Lr] + Kp G5)

The strong competitors were hit 1, 5, 7,and 10 possessing a K¢ value starting with
40 uM to 90 uM, where hit 6 and 12 showed a weaker displacement with a K¢ values of
240 pM and 340 pM, respectively. Using the honeycomb setup, we could detect a broad
spectrum of binding affinities, as listed in Table 5.1.

However, since the ICs-values of hit 2, 3, 4, 9 and 11 were near or outside the range
covered by the selected concentration series (Figure 5.8B). Quantification of low-level
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Table 5.2.: K¢ of weak competitor candidates as determined in the capillary system

Hit Abbreviation Chemical Name Kc [mM] Literature values [mM]
2 L-AA L-Ascorbic acid 1.15+0.1 -
3 HQ Hydroquinone 18.3 + 4.1 Nonbinder
4 BZA Benzylamine 0.43+0.2 0.3 [118.119]
8 MZA Methylbenzylamine  1.75 + 0.1 1.5 [118]
9 NHS N-Hydroxysuccinimide 1.19 +0.1 -
11 Glu Glutamate 9.07 £ 1.2 Nonbinder

displacement (20 to 40% F-values) required a minimum signal contrast index (Csy) of 5
according to the analysis of reference compounds. The binding affinity determination of
these hits (listed in Table 5.2) was done at a competitor concentration of 30 mM using
the capillary setup comparing to the known trypsin competitor dose-response behavior
(described earlier Figure 5.5A)). Hits 4 showed a weak displacement with a K¢ value of
430 uM, where the rest of the hits 2, and 9 displaced the bound TFBA the weakest with
a mM range of affinity in a similar range as 8. Ultimately, we categorized hits 3 and 11
as non-binders since the °F- signal recovery was less than 10% with a binding affinity of
10 mM - 20 mM.

We confirmed that competitors can be systematically ranked in terms of binding strength
by combining two complementary quantitative metrics:

« the dose-dependent displacement of the reporter ligand TFBA using the honeycomb
setup for strong and weak binders,

« single-concentration point affinity determination relative to a reference competitors
measured under identical experimental conditions for very-weak binders.

Together, these two parameters enabled the extraction of the apparent competitor
binding constant K¢ directly from a dose-response series, without requiring any additional
spectroscopic measurements. Each compartment of the multi-cell holder represented an
independent concentration point, allowing K¢ values to be determined in parallel for
multiple ligands within a single imaging experiment. When benchmarked against literature
values, the ?F-MRI-based ligand screening workflow, implemented as a miniaturized
T,-relaxation assay, yielded quantitatively accurate binding affinities. Collectively, these
results demonstrate that a relaxation-weighted F-MRI approach (using only two echo
times) can reliably distinguish strong, weak, and non-binding competitors in a single
experiment. This highlights its potential as a high-throughput, spatially resolved screening
platform for early-stage drug discovery.
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Figure 5.9.: Dose-dependent displacement monitoring for PPAT/CoaD reporter ligand

TTAPC via T, W-'?F-mapping.A)Lead hits for trypsin, three known CoaD com-
petitors (shown with the chemical structures; 14- Biphenyl-phenyl urea, 15-
Benzoaminomethylphenol, and 16-Methotrexate) were screened for TTAPC
displacement contribution. B) A fully encoded dose-response T,-mapping
showed the °F-signal alterations of the bound TTAPC by filtering only the dis-
placers using a ligand-specific TE time at 200 ms (Arrows show the direction of
the color-dedicated hit concentration series). C) Dose-dependent displacement
fraction alterations of hits 14, 15, and 16 with determined ICso-values. Black
dots denote experimental data, and red lines the fitted models. D) Validation on
the binding affinity of the lead hits using F-values measured by T;-relaxation
times. The imaging parameters were FOV 20 mm X 20 mm, MTX 64 X 64, SL
10 mm, TR/TE = 200ms/ 6 s, NEX 400, TA 1 h. A slice ROI area covers s voxels
with a volume of 0.97 mm? per sample. Compressed sensing parameters are
43% sampling / 43% center area. The PDB ID for the structural visualization of
the PPAT/CoAD is 6CCS.
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To test the F-MRI ligand screening assay “s transferability and reproducibility, we
applied this approach to an actual drug target: the enzyme phosphopantetheine adeny-
lyltransferase (PPAT), which is essential for bacterial synthesis of coenzyme A. Here, the
displacement of the fluorinated reporter TTAPC (1-[3-(trifluoromethyl)-[1,2,4]triazolo-
[4,3-b]-pyridazin-6-yl]-piperidine-4-carboxylic acid) was monitored upon the addition
of three new compounds (14, 15, 16), alongside six previously identified trypsin hits (1,
5, 6, 7, 10, 12), which served as controls to assess potential mutual displacement effects.
The inclusion of trypsin-derived hits may help elucidate potential similarities in ligand
recognition or binding mode between trypsin and the PPAT.

Dose-dependent T,-mapping of PPAT-bound TTAPC was performed using the same
reporter ligand concentration (5 mM) as TFBA. However, the protein concentration was
set 25 uM, lower than in the trypsin study as 1’F-NMR contrast experiments demonstrated
sufficient contrast between TTAPC and PPAT-CoaD using the protein concentration within
the range of 20-25 uM [111].

Utilizing a ligand-specific T>-filter (TE = 200 ms), we identified hits 14- Biphenyl-phenyl
urea, 15-Benzoaminomethylphenol, and 16-Methotrexate and 10 as lead competitors for
CoaD from the tested compound mixture (Figure 5.9B). Among these, hit 16 emerged
as the strongest competitor with a Kp of 18 pM, displacing 93% of bound TTAPC at a
concentration of 12.5mM, corresponding to a 1:2.5 molar ratio of TTAPC to hit 16. In
contrast, hit 15 induced only modest displacement, consistent with its approximately six-
fold weaker binding affinity relative to the strongest hit16. Remarkably, hit 14 produced
the smallest yet still quantifiable displacement of the TTAPC, with a measured Kp of
0.5 mM and a signal corresponding to only 30% of the displacement fraction (Figure 5.9D).

Using the same approach to validate K¢ values as in trypsin study with TFBA, ICsg
values were determined from the TTAPC displacement regression curves as a function
of competitor concentration (Table 5.3). K¢ values are determined as described above
corresponding dose-response displacement behavior. Hit 16 and hit 15 reached the
displacement plateau already at around 2 mM, since free TTAPC generated a short T5-
relaxation time of 370 ms. Hit 16 was identified as the strongest competitor, exhibiting a
2.5-fold higher affinity with an apparent K- = 18 uM, than hit 15 yielded a weaker binding
with K¢ = 47 uM. Hit 14 displaced TTAPC with substantially lower potency, showing a
25-fold weaker binding affinity with a binding affinity of K¢ = 498 uM.

Table 5.3.: K¢ of PPAT hits determined in the honeycomb setup via dose-dependent T5-

mapping.
Hit Chemical Name IC5o [mM] K¢ [uM]
16 Methotrexate 0,22 18 £5
15 Benzoaminomethylphenol 0,58 47 + 13
14 Biphenyl-phenyl urea 6,16 498 + 8
10 Alginic acid - Nonbinder
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Although hit 10 produced an apparent signal recovery of TTAPC signal in the presence
of PPAT (Figure 5.9B, gray hit), the dose-dependent R, values showed no systematic
trend (Figure 5.10), indicating an absence of true competitive displacement evealuted by
two criteria: (i) a systematic and interpretable concentration-dependent trend in R, or
fractional displacement, and (ii) a sufficiently high goodness of fit (R?), were classified as
true competitive binders. Compounds that failed to meet either requirement were excluded
in order to avoid misclassification arising from noise, solubility issues, or non-specific
signal fluctuations.

Within the PPAT-TTAPC dataset, hit 10 demonstrated no meaningful correlation be-
tween competitor concentration and R, changes. Instead, the data showed irregular,
non-monotonic scatter and poor regression performance, both of which are inconsistent
with authentic competitive displacement. Such behavior indicates that the apparent varia-
tions in signal were not driven by ligand—protein interactions but rather by experimental
artefacts.

Comparing with hit 15, this hit exhibited a clear, monotonic dose-dependent increase in
the free-ligand population, reflected by a measurable reduction in R, and a strong linear
or sigmoidal regression fit with a high R? value. The consistency of this trend across
replicates, combined with the robustness of the fit, supports its classification as a genuine
competitor capable of displacing TTAPC from PPAT.

To further investigate the anomalous behavior of hit 10, a control experiment was
performed using increased volumes of the compound dissolved in DMSO as in the same
final ratio as the final hit solution with TTAPC and PPAT. This experiment revealed
pronounced phase separation upon mixing with aqueous buffer (Figure 5.11), providing
a direct mechanistic explanation for the inconsistent relaxation profiles. Heterogeneous
mixtures can locally alter the DMSO:PBS ratio, microviscosity, and chemical-exchange
environment, leading to spurious T, or R, fluctuations that mimic displacement-like
signal changes without reflecting true binding events. Consistent with this interpretation,
samples containing hit 10 exhibited prolonged T, values of ~500 ms, compared to 370 ms
for free TTAPC (T3}, ~ 70 ms) under identical conditions. Both R,y and R, remained
constant at ~ 257!, supporting the conclusion that hit 10 does not bind PPAT under the
assay conditions.

By combining miniaturized 61-cell arrays with compressed sensing, we guaranteed a
high-throughput MRI (HiT-MRI) rate, and successfully optimized a streamlined workflow
for competitive drug screening using !°F-MRI. This workflow has the potential to transform
protein-ligand detection into a rapid, parallel, and scalable platform, enabling high-content
molecular screening. This opens new possibilities for early-stage drug discovery, fragment
screening, and multiplexed assays.

These results demonstrate the robustness of the '’F-MRI-based detection of competitors
spanning a wide range of binding affinities, even for structurally complex and disease-
relevant protein of PPAT. Beyond the quantitative assessment of ligand binding, the method
also proved sensitive to physicochemical irregularities in the samples such as aggregation
or phase separation, thereby providing valuable diagnostic information for troubleshooting
assay performance. Collectively, this highlights the versatility of the F-MRI workflow
as both a binding-affinity screening tool and a qualitative quality-control readout for
identifying sample-related artifacts or formulation issues.
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Figure 5.10.: Dose-dependent relaxation rate alterations in comparison of a nonbinder hit
10 and binder hit 15 for the PPAT-TTAPC study. Black dots denote exper-
imental data, and red lines the fitted models. The statistical coefficient of
determination R? (blue) is given in each panel to indicate the quality of fit.
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Figure 5.11.: Phase separation of hit 10 upon DMSO addition as a control experiment. The
sample separated into two visible phases, demonstrating limited compatibil-
ity of hit 10 with DMSO and preventing the formation of a homogeneous
competitor solution.
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5.8. Conclusion

The speed of drug discovery is inherently constrained by the rate at which compounds
can be screened. Equally crucial is the adaptability of the screening workflow, which must
support ligands with diverse binding affinities and remain applicable across various pro-
tein-ligand systems. To advance our rapid ’F-MRI-based ligand screening approach [DF1]
using a capillary sample holder, we introduced an optimization strategy aimed at enhanc-
ing throughput, versatility, and MR image undersampling. This was achieved by exploiting
the built-in capabilities of the scanner, without the need for complex pulse-sequence
programming or additional hardware modifications.

By redesigning the sample holder from a capillary array to a honeycomb geometry,
we enabled 61 physically separated compartments to coexist within the same magnetic
environment. This configuration allowed successful imaging through multi-array acquisi-
tion, making full use of the available physical space within the home-built F coil. Each
compartment contained an independent ligand-binding reaction, permitting the simulta-
neous screening of 55 non-fluorinated drug candidates for protein binding within a single
measurement.

Using T;-mapping as the primary readout, binding-induced changes in the '°F signal of
the fluorinated reporter ligands TFBA and TTAPC were detected and quantified. Their
distinct fluorine moieties enabled direct MR detection and provided a sensitive measure of
binding and displacement events. These variations in relaxation behavior provided three
key levels of biochemical information:

« Hit/no-hit identification based on single-point measurements of T,-weighted contrast
changes,

« Estimation of the competition fraction (F%) reflecting the displacement efficiency of
competing non-fluorinated drug candidates,

+ Determination of binding affinities (K¢) from ICs, values extracted from the R;-
relaxation analysis in dose-response titrations.

This integrated workflow thus enabled a direct and quantitative connection between
MR-observable contrast and underlying molecular binding events.

In the high-throughput screening mode, we successfully identified 13 hit compounds
for trypsin based on the recovered '°F signal intensity of the reporter ligand TFBA, em-
ploying a single T,-filter (TE = 200 ms) in phase 1. These hits were characterized by a
significant recovery in reporter signal compared to the unbound state, indicating effective
displacement. Subsequently, in phase 2, we determined K¢ of six lead competitors
(1, 5, 6, 7, 10, 12) targeting trypsin, and three lead compounds (14-16) binding to
PPAT. This demonstrated that our screening approach can be readily extended from the
well-established trypsin model system to the more disease-relevant enzyme PPAT (phos-
phopantetheine adenylyltransferase), underscoring its general applicability to diverse
protein targets.
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Strong displacers (1, 5, 7, 10 for trypsin; 14, 15, 16 for CoaD) were consistently detected
within the honeycomb setup, confirming that the assay robustly captures competitive
binding interactions even at reduced sample volumes. Optimized experimental conditions
enabled detection at sample volumes as low as 50 pL, with reporter ligand concentrations
down to 5mM, without compromising image quality or quantification precision. For
weaker binders (2, 3, 4, 8, 9, 11), the assay reached the quantitative sensitivity limit
of R;-based analysis within the honeycomb configuration. To overcome this constraint,
we integrated a capillary-based system, which substantially improved signal-to-noise
ratio (SNR) by increasing the detection volume. This dual-system approach by combining
high-throughput screening in honeycomb arrays with high-sensitivity capillary readouts
provides a powerful and scalable platform for rapid 1°F-MRI-based ligand screening and
affinity characterization.

By implementing compressed sensing (CS) within the optimized high-throughput
pipeline (Figure 5.12, the total measurement time was substantially reduced by acquiring
only 43% of k-space. Despite undersampling beyond the Whittaker-Nyquist-Shannon
criterion, robust compound screening was achieved with sufficient SNR > 3 and only mini-
mal deviations in T,-relaxation times. The complete screening of all samples could thus be
performed within approximately 2 h per dataset, corresponding to an average acquisition
time of 2 min per sample. This represents a ninefold reduction in imaging time compared
to conventional multi-point T;-relaxation mapping (~20 min per measurement [14]), while
maintaining high-quality image contrast and reliable quantitative performance.

Sample Holder Acceleration Throughput Output

Measurement time

Cell Array Strong ligand detection - uM
2h/61 Large library screnning
= Low compound consumption
2 mins ~50 pl
per
sample
Higher spatial resolution
. 58 min /9 Strong to very weak ligands
Capillary ) . A
,')') —_— 6 min Lower reporter concentration
n — ~5mM
j—— per
sample

Low versatility

Figure 5.12.: From capillary to honeycomb: Scaling Up F-MRI screening throughput.
The cell-array (honeycomb) geometry maximizes parallelization (61 samples;
~2min per sample) and minimizes sample volume (~50 uL), ideal for rapid
screening of strong to moderately weak binders. The capillary configuration
achieves higher sensitivity for weak/very-weak ligands and supports lower
reporter concentrations (5 mM), but with lower throughput (9 samples; ~6 min
per sample).
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In case of utilizing different sample holder designs, we have shown the necessity of a
higher spatial resolution if the voxel size changed from 4 mm?® to 1 mm?>. More importantly,
for the contrast-quantified MRI protocols, it is important to find the trade-off between the
amount of the central k-space and blurring artifacts on the images, which is followed by
the next step of optimization in the total undersampling rate.

The concentrations of the reporter ligand and competing analytes employed in this assay
are 2—-3 orders of magnitude higher than those typically used in conventional biochemical
assays or NMR-based titrations. A reporter concentration of 5 mM was required to achieve
sufficient signal-to-noise ratio in F-MRI, given the lower intrinsic sensitivity of imaging
compared to high-field NMR spectroscopy. Consequently, this high reporter concentration
establishes a stringent threshold for competition: only ligands capable of effectively
displacing TFBA from the protein binding pocket under these conditions will produce
a measurable signal recovery. The strong mass-action bias toward the bound state thus
favors the detection of moderate- to high-affinity competitors, while imposing practical
challenges for weak binders and poorly soluble compounds.

The screening concentrations for competitor ligands were therefore adjusted up to
30 mM or higher to achieve detectable displacement, which approaches or exceeds the
solubility limit of many small organic molecules. Under such conditions, phenomena such
as compound aggregation, precipitation, or non-specific adsorption may arise, potentially
leading to false-positive effects or deviations from ideal equilibrium behavior. These
limitations are inherent to assays relying on high bulk concentrations to compensate for
low detection sensitivity [15,126]. Careful visual inspection of samples, use of highly
soluble model compounds, and the absence of non-linear signal behaviour in dose-response
curves confirmed that aggregation artefacts were minimal under the conditions tested.

The full potential of the presented MRI-based screening framework is expected to
be realized when combined with hyperpolarization of the reporter ligand, which can
transiently enhance the °F signal by several orders of magnitude. Such enhancement
would permit operation at reporter and competitor concentrations in the low micromolar
range, similar to standard NMR binding assays, while maintaining quantitative imaging
contrast [129,130]. This reduction in concentration would not only alleviate solubility and
aggregation issues but also extend the detectable affinity range toward weaker binders.

Despite the current concentration constraints, the assay successfully identified and
characterized ligands across a broad affinity range. This robustness stems from the rel-
atively low affinity of the chosen reporter ligand, which allows efficient displacement
even by competitors with millimolar K¢ values. Moreover, the high aqueous solubility of
the tested compounds ensured that experimental concentrations up to 30 mM could be
reached without compromising sample integrity. Together, these factors demonstrate that,
even in its non-hyperpolarized form, the assay provides a reliable and scalable approach
for quantitative affinity screening using °F-MRL
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6. Gd-based Contrast Tuning for Rapid
Ligand Screening

This chapter is based on work that introduces an additional acceleration strategy
using paramagnetic relaxation enhancement (PRE) via gadolinium-based contrast
agents. The results presented here form the core of a manuscript currently in
preparation. The focus of this study is the integration of the Gd-based contrast
agents Magnevist and gadolinium chloride into the competitive ligand-screening
workflow, with the aim of reducing the overall measurement time and quantifying
the achievable acceleration factors within an MRI-based assay.

6.1. Introduction

Magnetic resonance imaging (MRI) provides rich contrast based on nuclear relaxation
processes, yet it remains inherently time-consuming because image formation requires the
sequential acquisition of k-space lines. Each acquisition is constrained by the relaxation
properties of the detected spins. In order to recover sufficient longitudinal magnetization
for the next excitation pulse, the system must wait on the order of 3-5 X T;, because
longitudinal relaxation (T}) follows an exponential regrowth toward equilibrium, and only
reaches a practically usable fraction of the available magnetization (typically 90-99%)
after several multiples of T;. Without this recovery, the signal becomes saturated, leading
to reduced amplitude and unstable image contrast. This requirement, therefore, sets
the minimal feasible repetition time (TR) for quantitative relaxation studies. A long T;
therefore enforces long TR values, directly increasing the acquisition time for a complete
dataset.

The transverse relaxation time (T,) represents one of the most informative parameters
in molecular and biomedical imaging, reflecting local molecular motion, spin—spin inter-
actions, and microenvironmental changes. However, the transverse relaxation time T,
limits the duration of echo sampling (see Figure 2.16): the MR signal decays exponentially
during the echo train, restricting the number and spacing of usable echoes, and thereby
controlling how densely k-space can be filled within a single TR. As a result, relaxation
processes impose fundamental temporal constraints on MRI, where both TR (set by T;) and
TE/echo-train duration (set by T3) collectively determine the total scan time, especially in
experiments relying on fully sampled Cartesian acquisitions.

Several complementary strategies have been developed to address this limitation, in-
cluding optimized pulse-sequence designs that collect multiple echoes per repetition (e.g.,
fast spin-echo, RARE, and GRASE sequences) [131-133], echo-planar imaging [134], and,
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Figure 6.1.: Gd(Il)-induced T,-relaxation enhancement accelerates 1°F-MRI ligand-binding
measurements. Outer-sphere interactions between the °F-reporter ligand and
Gd," shorten T;- (faster signal decay, requiring shorter TE) and T;-relaxation
time (faster recovery, allowing shorter TR). These PRE-driven changes reduce
total measurement time without altering binding equilibria, enabling acceler-
ated ligand-binding readout.

more recently, compressed-sensing and deep-learning-based reconstructions that exploit
data sparsity to recover images from undersampled acquisitions [135, 136]. Together,
these methodological advances have substantially reduced scan times while preserving
relaxation-weighted contrast, enabling the way for high-throughput and quantitative MRI
applications.

To translate this speed into screening throughput, we adopted three complementary
accelerations at the experiment level in this work. First, we parallelize the acquisition
scheme in physical space using custom holders that position multiple samples within the
field of view (FOV) of an MR scan and exploit a single frequency-encoding (FE) axis for
simultaneous acquisition using sample holders imaging cell arrays under one MR scan.
Thus, multiple capillaries or the honeycomb cell array formed distinct, resolvable strips
along one readout. Second, we utilized nuclei to '°F to remove biological background and
simplify readouts to a single resonance per reporter ligand, which enables “hot-spot” imag-
ing and straight intensity/relaxation quantification with no endogenous signal confounds
coming from protein or water. Third, we undersampled k-space with compressed sensing
(CS), leveraging transform sparsity to recover images from far fewer k-space data points.

Because our readout-based hit screening is fundamentally T;-relaxation driven, a natural
question is whether paramagnetic relaxation agents could further accelerate the experi-
ment. Gadolinium(IIT) chelates (GCAs) and gadolinium salts are well known to enhance
nuclear relaxation via dipolar interactions described by Solomon-Bloembergen—-Morgan
(SBM) theory [137,138], where they accelerate the relaxation of nearby nuclei through
both inner-sphere (transiently bound water) and outer-sphere (diffusive encounter) mech-
anisms. The underlying cause is the powerful magnetic moment produced by the unpaired
electrons of the paramagnetic Gd** ion.

In solution, water protons experience strongly fluctuating local magnetic fields as they
diffuse in the vicinity of paramagnetic ions; consequently, outer-sphere encounters with
freely diffusing Gd** complexes shorten both T; and T, not only of water protons but also
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of solute heteronuclei such as fluorine, even without the metal ion being covalently bound
to the ligand. This effect is termed paramagnetic relaxation enhancement (PRE) because
the unpaired electrons of the paramagnetic ion generate strong electron—nucleus dipolar
interactions that efficiently accelerate nuclear relaxation.

Because the dipolar interaction responsible for PRE scales with r~°, even small changes
in the average distance between the paramagnetic ion and the '°F nucleus of the reporter
ligand lead to pronounced differences in transverse relaxation. Outer-sphere PRE does not
require binding between the reporter ligand and the paramagnetic ion; instead, transient
diffusional encounters generate the effect. Although the distances and correlation times
differ fundamentally from the inner-sphere case, the underlying mechanism remains
electron—nucleus dipolar coupling, averaged over many stochastic collision trajectories.
The observed T, shortening therefore reflects the frequency and proximity of diffusional
approaches between the ligand and the paramagnetic agent.

When the reporter ligand binds to the protein, it becomes sterically and dynamically
shielded, reducing the probability of close encounters with Gd** and leading to a longer
T,. Strong competitors displace the ligand back into solution, where it again experiences
efficient PRE and exhibits shorter T relaxation.

Operationally, the addition of Gd(III)-based contrast agents accelerates nuclear re-
laxation by steepening the decay of the spin-echo amplitudes. At the micromolar con-
centrations typically used in biochemical assays, Gd-chelates predominantly enhance
T; relaxation, whereas pronounced T, shortening emerges only at higher Gd concentra-
tions [69]. The combined increase in relaxation rates enables the use of shorter echo trains
and/or fewer echoes for quantitative T, mapping. When longitudinal relaxation (T}) is
sufficiently shortened, the repetition time (TR) can be reduced proportionally, further
decreasing the per-dataset acquisition time.

Here, we present a paramagnetic contrast—enhanced '"F-MRI strategy that exploits
T,-relaxation modulation by gadolinium (Gd**)-based contrast agents to accelerate the
ligand-screening workflow by integrating molecular contrast, spatial parallelization, and k-
space undersampling. This approach is particularly advantageous when strong competitors
induce pronounced T, changes in bound reporter ligand, as fewer echoes are required to
classify hits with a defined confidence level.

A critical requirement for this strategy is that the binding affinities of the competitors
remain unaffected by the presence of the Gd-based contrast agent; in other words, the GCA
must not perturb the protein-ligand binding equilibrium. To ensure this, we compared
the clinically established chelated agent Magnevist with the widely used inorganic salt
GdCl,, evaluating their paramagnetic relaxation enhancement (PRE) behaviour in terms
of dual (T and T3) relaxation shortening.

Our analysis showed that Magnevist induces substantially stronger T; and T shortening
at micromolar concentrations while leaving the binding-affinity quantification unaffected.
In contrast, GACl, exhibited significantly weaker PRE effects under the applied experi-
mental conditions and caused protein aggregation. Based on these findings, Magnevist
was identified as the optimal contrast agent.
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Using 100 uM Magnevist, we successfully screened 61 different compounds in 55 min,
scaling the original conventional single-sample-experiment NMR workflow from 18 min
per sample to just 54 s. This method thus provides a robust and generalizable platform
for T,-based contrast-enhanced screening, leveraging the unique relaxation properties of

Gd to enhance the sensitivity and specificity of F-MRI for target-engagement studies in
large compound libraries.
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Figure 6.2.: Contrast-enhanced competitive binding pipeline by T,-weighted "F-MRL
(Top) Paramagnetic relaxation contrast agents used in this work: the chelated
gadolinium agent Magnevist (Gd-DTPA) and the inorganic salt GdCl;. (Mid-
dle) Sample preparation scheme combining protein, °F reporter ligand, and
competitor ligands for displacement assays. (Bottom-left) 3D-printed cap-
illary holder (7-capillary configuration) used for method optimization and
large-volume tests. (Bottom-right) Cell-array (honeycomb) sample holder
enabling parallelized measurements and contrast-enhanced inhibition imaging
via Gd®* the local transverse relaxation rate R, of the reporter alterations.

For the contrast enhancement experiments, contrast agents were Magnevist (Diethylen-
etriaminepentaacetic acid gadolinium(Ill) dihydrogen salt hydrate; Sigma-Aldrich, 381667)
and gadolinium(Ill) chloride (anhydrous, ABCR GmbH, AB120501) and dissolved in
phosphate-buffered saline solution (PBS, 1x, pH 7.4, ThermoFisher, 10010-015) and subse-
quently added to protein-ligand mixtures to the desired final concentrations.

4-(trifluoromethyl)benzamidine (TFBA) (Enamine, EN300-73109) was used as a reporter
ligand for all contrast imaging experiments. As proteins, trypsin from bovine pancreas
(Sigma-Aldrich, T9935), bovine serum albumin (Sigma-Aldrich, A8806) were prepared as de-
scribed in Chapter 3.2. Benzamidine (BZD) (Sigma-Aldrich, 434760), 4-Methylbenzylamine
(MZA, Sigma-Aldrich, 126400250) and benzylamine (BZA, Sigma-Aldrich, 185701) were
competitors. As strong competitors, the hits from the inhibition study were used (see
Chapter 5-phase 2, hits in Table 5.1).

The solutions were transferred into 2.4 mm OD glass capillaries (CM Scientific) using a
microliter syringe (Hamilton Central Europe S.R.L.) or directly into the wells of the holder
(Figure 3.5). Both sample holders were then sealed with UV glue (Delo Photobond) to
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prevent evaporation and contamination.

The prepared sample holders were positioned inside the radiofrequency (RF) coil prior to
data acquisition. All °F transverse relaxation (T;) experiments were performed on a Bruker
BioSpec 650 MHz (15.2 T) imaging system (Bruker BioSpin, Ettlingen, Germany) interfaced
with a custom-built, single-tuned 15 mm '°F RF volume coil. Magnetic resonance imaging
was carried out using a RARE (Rapid Acquisition with Relaxation Enhancement) spin-echo
sequence and T;-mapping via saturation-recovery protocol implemented in ParaVision 360
(v3.3, Bruker BioSpin).

Sequence-specific parameters, including repetition time (TR), echo time (TE), RARE
factor, field of view (FOV), matrix size, and slice thickness (SL) differed for the capillary
and honeycomb setups. For fully sampled 7 capillary MR images, the imaging parameters
were FOV 20 mm X 20 mm, MTX 32 X 32, SL 10 mm. For honeycomb setup, the imaging
parameters were FOV 20 mm X 20 mm, MTX 64 X 64, SL 10 mm. Compressed sensing
parameters are 43% sampling /43% center area.
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6.3. Assessment of Gadolinium Sources for PRE °F-MRI

In our studies, protein-ligand interactions were monitored in a competitive format using a
fluorinated reporter ligand TFBA. Binding to the protein trypsin decreased the reporter’s
molecular mobility, whereas displacement by a competitor restored a more mobile, free
state. These two states produced distinct T, values, which we quantified using a Carr—
Purcell-Meiboom-Gill (CPMG) readout. When combined with the spatial encoding of
MR, this contrast enabled simultaneous monitoring of multiple competitive binding
experiments within a single acquisition. However, despite this spatial parallelization, the
scan time remained limited by the sequence parameters imposed by relaxation constraints.

To address this, we introduced a paramagnetic contrast agent to induce additional
T; and T, shortening via paramagnetic relaxation enhancement (PRE), with the aim of
further accelerating the acquisition. The unpaired electrons of a paramagnetic center
create fluctuating magnetic fields that couple to nearby nuclear spins, shortening both lon-
gitudinal (77) and transverse (T3) relaxation times through inner- and outer-sphere dipolar
interactions [139,140] (theoretical explanation in Chapter 2.5). In practice, shortened T3,
allows a reduction of TR, providing stronger T,-weighted contrast within shorter echo
times. As a motivation based on the theory, paramagnetic doping should substantially
reduce total measurement time while maintaining quantitative sensitivity in practice.

However, since the contrast agent can constitute an additional chemical component in
a biochemical assay designed to report protein-ligand binding, its inclusion necessitates
careful optimization. The following parameters were considered critical for assay reliability
and translational value in early-stage drug discovery:

« Minimal interaction with proteins or ligands to prevent perturbation of the
native binding equilibrium,

» Chemical stability and predictable relaxivity ensuring reproducible T;/T; reduce
over time and between batches,

« Contrast efficiency sufficient to measurably reduce acquisition time without ex-
cessive signal quenching,

+ Unaltered binding affinities (Kp or K) in the presence of the agent, confirming
biochemical neutrality,

« Batch reproducibility and handling safety, important for high-throughput
screening and disposal.

Two different gadolinium-based contrast agents (CA) were chosen in this study: Mag-
nevist (Gd-DTPA) as a polyaminocarboxylate chelate and GdCl; in inorganic salt form.
Both GdCls and Magnevist exhibit such dual relaxation behavior, simultaneously shorten-
ing the T; and T, relaxation times of nearby water protons. However, under the magnetic
field strengths used in this study, the T, shortening dominates, producing predominantly
negative (signal-decreasing) contrast that is ideally suited for relaxation-weighted detec-
tion [140-142].
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Regarding the biodistribution and physicochemical properties, in in vitro experiments,
GdCl; is often preferred due to its higher effective relaxivity and the absence of bulky
chelating ligands, which allows direct interaction of the free Gd** ion with surrounding
water protons [140, 143]. Magnevist is the most widely used CA and was the first to
be approved for clinical use in 1988 [144]. The distinguishing feature is that it provides
a well-defined and reproducible relaxivity profile, high complex stability, and minimal
nonspecific binding, making it ideally suited for quantitative relaxation studies [141, 142].

Optimal contrast agent concentration

In order to implement and quantify the dual relaxation effect, a concentration series of Mag-
nevist ranging from 50 pM to 2 mM and of GdCl; from 0.5 mM - 5 mM was investigated.
The T; relaxation was measured using a saturation-recovery sequence, and T, relax-
ation was mapped with a RARE protocol, employing the well-characterized TFBA-BZD
reporter—competitor ligand system bound to trypsin (as described in previous chapters).

The selected concentration ranges were designed to cover the sub-millimolar to low-
millimolar regime, in which the relaxivity of small Gd>* ions and their chelates remains
approximately linear with concentration under aqueous conditions, while avoiding exces-
sive signal loss or susceptibility artifacts at higher doses [140, 141]. Previous studies in
tissue and phantom systems reported a practical upper limit of <4 mM for Gd-DTPA [141],
supporting the use of 2mM as an adequate ceiling for the present !°F-MRI experiments.
For GdCls, however, a higher concentration range was explored to achieve relaxation en-
hancement comparable to that of chelated complexes, compensating for partial hydrolysis,
precipitation, and nonspecific binding processes that occur in neutral aqueous media [140].

In Figure 6.3, the paramagnetic relaxation enhancement (PRE) factor is defined as the
ratio of the T; relaxation time of the fluorinated reporter ligand TFBA in the presence of a
contrast agent (CA) to that of the free state without any CA:

Toca

P REFactor = T—
2,0

Here, T, ca denotes the measured transverse relaxation time in the presence of a given
contrast agent concentration, while 75 corresponds to the intrinsic T, relaxation time of
TFBA in the absence of any CA, serving as the reference baseline.

The °F-signal intensity of TFBA was used to quantify the PRE effect, as the contrast
agents modulate transverse relaxation and thus the T,-weighted contrast. In the *F-MR
images of seven parallel samples (Figure 6.3A-F), the TFBA signal intensity decreased
progressively with increasing concentrations of both Magnevist and GdCls, demonstrating
clear concentration dependence.

Analysis of the PRE factor revealed distinct concentration-dependent behaviors for
the two agents. For Magnevist, the PRE increased approximately linearly within the
investigated range up to 2mM, consistent with the expected linear relaxivity regime
of chelated Gd** complexes in dilute aqueous media, where relaxation rates follow an
approximately linear relationship with concentration, Ry ; = R(1),2 + r12[Gd] [139].
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Figure 6.3.: Paramagnetic relaxation enhancement (PRE) and dual relaxation behavior
of Magnevist and GdCl; (Top) Representative °F-T,-weighted MR images
of 7 TFBA samples acquired in the presence of increasing concentrations
of Magnevist (left) and GdCl; (right) contrast agents. Letters (A-C) in the
images correspond to samples with different concentrations. "A" is the TFBA in
contrast to the agent-free form. "B-F" the concentrations increase, and the "F"
sample has the highest concentration. The central plot quantifies the PRE factor
as a function of contrast agent concentration of Magnevist up to 2mM, and for
GdCl; above this range, and the blue letters indicate the concentrations points
with the highest and lowest PRE effect.(Bottom) Dual relaxation behavior of
both contrast agents: longitudinal (R;, red) and transverse (Rz, black) relaxation
rates of the reporter ligand TFBA as a function of [CA]. The chemical structure
of TFBA is shown in the center for reference. Imaging parameters are given in
the material and methods sections

In contrast, GdCl; displayed a more complex dependence: the data suggest two linear
regimes, one below and a steeper regime above 2 mM. This behavior is consistent with
partial hydrolysis of GdCl; in phosphate buffer and the possible formation of Gd(OH),
species or transient protein—Gd adducts at higher concentrations, both of which increase
local magnetic susceptibility and disproportionately enhance transverse relaxation.

Both contrast agents exhibited dual relaxation behavior, simultaneously increasing
the longitudinal (R;) and transverse (R,) relaxation rates by approximately 2s™! -3 57!
across the tested range. Although Magnevist exhibits a stronger PRE effect than GdCl; at
low micromolar concentrations, this enhancement arises exclusively from outer-sphere
relaxation. Inner-sphere PRE requires direct coordination of the solute to the paramagnetic
ion, placing the nucleus within the first coordination sphere. This mechanism is dominant
only when the solute contains strongly coordinating donor groups (TFBA has weak
donors of amidine, fluorinated aryl groups) capable of replacing a ligand in the metal
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complex [140]. Because Gd-DTPA is an octadentate, kinetically inert chelate with no
accessible coordination sites, inner-sphere binding of TFBA is chemically implausible.
The observed concentration dependence shall therefore attributed solely to outer-sphere
diffusional encounters.

Notably, Magnevist achieved a higher PRE factor (= 6, (Figure 6.3, blue, C) already at
2mM, whereas even 5 mM GdCl; did not reach comparable enhancement. For example,
a PRE factor of 1.5 was observed for Magnevist at only 100 uM (blue, B), while GdCl;
required 2 mM (blue, A) to achieve a similar effect. These characteristic concentrations
were therefore selected for subsequent comparison of chemical stability and reproducibility
of both CAs, also in the presence of trypsin and the competitor ligand BZD, to identify the
most suitable agent for this rapid molecular sensing application.

Chemical stability and binding affinity control

One of the central aims of our work is to evaluate protein—contrast-agent interaction: the
possibility of any interactions of the gadolinium complexes with the targeted proteins
(trypsin and bovine serum albumin) in a screening library. It is important to show in this
part of the experimental work that Magnevist and Gd** do not interact chemically with
the proteins, which may cause their aggregation, leading no binding site availability for
the reporter ligand.

Therefore, the r; alterations of the reporter ligand TFBA were confirmed in two concepts:
(i)Trypsin binding to ensure the TFBA could bind to the trypsin, excluding the protein
aggregation possibility, (ii) TFBA displacement by known competitors of BZD, BZA, and
MZA for the reproducibility of the binding studies. The chemical stability of contrast agents,
100 uM Magnevist and 2 mM GdCls, with the same PRE effect upon 300 uM trypsin addition,
and the dose-dependent behavior of the TFBA displacement by the strong competitor BZD
were investigated using the RARE protocol.

To verify the first criterion regarding the chemical stability of trypsin, the T,-based
signal contrast (Cr,) of the TFBA in free (T3,) and protein-bound states (T3,) was compared
before (Cr, )and after the addition of the contrast agents (Cr, ., ):

Tor—T.
= y X 100 (6.1)

2.f

TZO,CA

Next, the apparent binding affinities (K¢) of BZD were extracted from the dose-dependent
T,-mapping experiments to assess how the addition of contrast agents influences the
displacement behavior. The resulting K¢ values obtained before and after supplementation
with Magnevist or GdCl, are summarized in Table 6.1.

For a screening assay intended for early drug discovery, robustness across chemically
diverse and unknown candidates is critical. When introducing Magnevist or GdCl,, the
binding affinity of the competitor BZD should remain unaffected, confirming that the con-
trast agent does not perturb protein-ligand interactions and that the observed PRE effect
is magnetic rather than chemical. Comparing the apparent K¢ values of BZD obtained
with and without contrast agents, both Magnevist and GdCl; produced mean deviations
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Table 6.1.: Influence of Gd-based contrast agents on K¢ of BZD (uM)
mM BZD Magnevist Without CA  GdCl,

25 15.1 1.5 15.8 £2.6 15.2 1.5
20 13.3 2.2 16.6 £2.1 18.3 +2.3
15 11.4 1.7 16.1 £3.5 15.0 £2.1
10 11.3 £1.2 12.0 £1.5 14.0 £2.2
5 11.5 £1.2 9.0 £1.1 13.0 £2.4

of approximately 2-15% from the reference condition, indicating that neither agent sub-
stantially perturbed the binding equilibrium largely. However, the two agents differed
markedly in the precision of the extracted values. Magnevist yielded more consistent
results chaning the competitor concentration of BZD, with smaller standard deviations
across replicate measurements and minimal scatter around the reference K¢, consistent
with the chemical inertness and solution stability of its chelated Gd** complex. In contrast,
GdCl; produced larger variability in the fitted K¢ values, reflected in broader error bars
and greater between-sample scatter, likely arising from its sensitivity to hydrolysis and
buffer composition.

In contrast, GdCl, tended to produce slightly higher K¢ values, reflecting weaker appar-
ent binding and greater variability. Its free ionic form is prone to hydrolysis and exhibits
strong sensitivity to pH, buffer composition (e.g., phosphate or carbonate), and the pres-
ence of chelating or carboxylate-rich molecules. These factors can lead to precipitation
or unspecific interactions with proteins and ligands, thereby altering r, independently
of target binding and compromising quantitative analysis. Accordingly, Magnevist, with
its DTPA-chelated and chemically stable formulation, proved more suitable for reliable
affinity measurements.

Experimentally, the addition of protein to GdCl, frequently resulted in visible particu-
lates in the capillaries, confirming its higher interaction. Moreover, achieving a comparable
PRE effect required about 2mM GdCl,, whereas Magnevist reached the same contrast
already at 100 pM—a roughly 20-fold lower concentration. The combination of higher
stability, reproducibility, and assay compatibility led us to standardize on Magnevist for all
subsequent experiments, as further optimization of GACl, conditions (buffer, pH, mixing
order) would contradict the goal of a simple, high-throughput screening workflow.

Magnevist for weaker binders: TE-TR parameter optimization

To extend the applicability of the Magnevist-enhanced ligand assay, we evaluated its
performance for weakly binding competitors, which naturally show lower displacement
efficiency than high-affinity ligands. As established in Chapter 5, low-affinity ligands
require higher concentrations to reach near-complete TFBA displacement.

We therefore quantified the apparent binding constants of two weak trypsin competitors
benzylamine (BZA) and methylbenzylamine (MZA), under the same conditions used
for benzamidine (BZD). Dose-response curves were recorded with 25 mM TFBA and
300 uM trypsin, both with and without 100 uM Magnevist, allowing us to assess whether

133



6. Gd-based Contrast Tuning for Rapid Ligand Screening

accelerated relaxation affects K¢ determination across different affinity ranges. The PRE-
induced shortening of T, and T; was additionally used to test whether reduced TE and TR
could be implemented for faster T,-mapping.

A) K¢ Determination with Magnevist B) Acqusition (AQ) Parameters C) K¢ - values without Magnevist
6 | (268 MZA TA [min] Ke %
. - TE [ms] TR [s] Competitors Measured Literature
8 1522 AQ Parameters TA =12 min
12 1018 6 12-372 25 MZA 1.7mM 1.5 mM
6 WE— 336 8 12-492 5 BZA 360 uM 300 -350 pM

S | m— ) BZA
12 | — 352

TA in min

12 20 - 820 5 BZD 13 4M 13-35 uM

6 M 1438
8 m159 BZD
12 @103

K¢ in pM

Figure 6.4.: Influence of accelerated TE/TR acquisition parameters on the accuracy of
K¢ determination in the presence of Magnevist for competitors of varying
binding strength. (A) Apparent binding constants obtained at three acquisition
durations (TA = 12, 8, and 6 min), corresponding to progressively shortened TE
and TR values for competitors MZA, BZA, and BZD. (B) Acquisition parameters
associated with each temporal acceleration protocol. (C) Reference K¢ values
obtained without Magnevist under standard acquisition conditions.

Magnevist produced only small changes in the extracted K¢ values (TA = 12 min: 10 yM
for BZD (baseline 13 pM), 352 uM for BZA (baseline 300 pM), and a larger but still accept-
able deviation of 1.6 mM for MZA (baseline 1.7 mM) (Figure 6.4). All deviations remained
within the range of reported literature values (Table in Figure 6.4), confirming that Mag-
nevist supports chemically reliable binding validation across strong, weak, and very weak
competitors.

To further accelerate the workflow, shorter TE and TR values were used, reducing the
acquisition time from 12 min to 6 min. The resulting T,-maps were then used to re-evaluate
the apparent binding affinities in order to quantify how the shortened acquisition window
affects the extracted K¢ values. The strong competitor BZD showed only minor changes,
with K¢ values of 10.3 uM, 14.8 uM, and 15.9 uM at TA = 12, 8, and 6 min, respectively
(Figure 6.4A). In contrast, the weak competitors exhibited larger shifts, reflecting their
smaller PRE-induced T; differences. For BZA, the apparent K- changed from 352 uM
(12 min) to 336 uM (8 min) and 282 puM (6 min), while MZA shifted from 1.62 mM (12 min)
to 1.52 mM (8 min) and 1.27 mM (6 min). These results confirm that TE/TR acceleration is
highly robust for strong binders, where large T, differences dominate the displacement
contrast, but becomes increasingly sensitive for weak binders whose classification relies
on resolving small T changes.

These findings indicate that TE/TR acceleration is highly robust for strong binders
but becomes increasingly error-prone for weak and very weak competitors whose deter-
mination depends on resolving subtle T; differences. Weak competitors are particularly
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susceptible to deviations because they generated only small PRE-induced differences in
T,. They produce only very small changes in T, because they displace less bound reporter
ligand than strong competitors. When TE and TR are shortened, these subtle T, differences
may become difficult to resolve, and even small fitting errors translate into large shifts in
the calculated K.

A reduced echo train compresses the dynamic range of the decay, may lower SNR due to
incomplete longitudinal recovery, and could increase the relative influence of fitting noise.
These may disproportionately affect weak binders, for which the T, contrast between
bound and free reporter ligand was already small; consequently, small systematic errors in
T, may propagate into larger deviations in the fitted dose-response curve and the resulting
Ke.

Although the acquisition parameters could, in principle, be further optimized for weak
competitors, the PRE-based acceleration was benchmarked primarily with the trypsin
strong competitors, for which the contrast was most robust under shortened acquisition
conditions.

6.4. 1°F-PRE: Final acceleration factor in drug discovery

After identifying Magnevist as the most stable and assay-compatible contrast agent, we
implemented it in the honeycomb setup as shown in Chapter 5 to quantify the achievable
acceleration in sample-parallel binding measurements. In that chapter, under optimized
RARE imaging conditions, a 9-fold reduction in total acquisition time was realized com-
pared to fully sampled reference scans (18 min using conventional single-emasurement-
setup [DF1]), while maintaining quantitative accuracy in the extracted T, values. In this
part of the chapter, the maximal reduction factor of the overall measurement time screening
61 compounds in a honeycomb cell array was investigated using Magnevist as a contrast
agent with PRE-effect combined with compressed sensing to discover the final acceleration
factor.

The selection of 61 samples served not only to exploit the full parallelization capacity of
the honeycomb array, but also to broaden its functional use by enabling multiple types of
readouts:

« Acceleration factor: Comparison of measurement times for binding-affinity vali-
dation of strong trypsin competitors (Chapter 5).

« Protein applicability: Extension of the assay to an additional protein system,
bovine serum albumin (BSA), to benchmark the binding strengths of the known
trypsin competitors in an orthogonal environment.

« Signal-contrast optimization: Evaluation of displacement behavior in the BSA
system using different protein concentrations to optimize °F signal contrast.

Since the TFBA concentration used during the PRE-effect of Magnevist optimization

was 25 mM, in this section it is reduced to 5mM to achieve the greatest acceleration factor
compared to the previous honeycomb setup as described in Chapter 5. Therefore, we first
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examined whether the Magnevist concentration of 100 uM should be scaled proportionally
to maintain comparable relaxation conditions. This consideration is important because
the extent of paramagnetic T, shortening depends on the relative ratio of contrast agent to
reporter ligand; using an unadjusted Magnevist concentration at lower TFBA levels could
otherwise lead to disproportionate PRE effects and overly rapid signal decay.

To validate this assumption, we performed a dedicated control experiment using the
capillary setup. Three capillaries containing different concentrations of Magnevist (100 uM
and 20 pM for 5 mM TFBA) were measured using the same T,-mapping RARE protocol
applied in the previous optimization experiments (see in Appendix Figure A.2). This assess-
ment enabled us to verify whether the PRE-induced relaxation effects scale appropriately
with the reduced TFBA concentration and to determine whether a proportional reduction
of Magnevist is required. Contrary to our initial assumption, scaling down the contrast
agent to 20 puM was not necessary. The measurements showed that 100 uM Magnevist
produced a PRE effect (1.5) of similar magnitude to that observed during the optimization
experiments with 25 mM TFBA, whereas it was reduced to 1,2 using 20 pM Magnevist
with 5 mM TFBA. Therefore, 100 uM Magnevist was selected for the final application in
the honeycomb setup.

The ligand design of the honeycomb setup including two aspects are shown in Figure 6.5
and T,W-"F-MR images of this setup using 5mM TFBA with 300 uM trypsin and BSA
using 100 pM Magnevist (described detailed in section 6.2) in a competition with 6 trypsin
strong competitor ligands (listed in Table 5.1) at a concentration of 30 mM using optimized
compressed sensing parameters (shown in Figure A.1).
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Figure 6.5.: Gd-enhanced ’F-MRI displacement assay for accelerated hit identification
across protein targets trypsin and BSA. (A) Paramagnetic relaxation enhance-
ment (PRE) induced by Magnevist substantially reduced the acquisition time
required for Ty-mapping, decreasing a full honeycomb scan from 2h to 1h
while preserving the TFBA-protein binding equilibrium. (B) Gd-enhanced
YF-MRI displacement images illustrating differential TFBA signal recovery
upon competition with non-fluorinated strong hits for proteins trypsin (blue)
and BSA (green). Ligands that displaced TFBA were marked in the same color
as the corresponding protein target, while free TFBA was marked in red. Imag-
ing parameters were the same as in the Materials and Methods section except
for the accelerated acquisition: TR = 2.75s, TE = 20 ms — 380 ms, compressed-
sensing sampling 43 %, and center area 43 %. The PDB ID for the structural
visualization of the BSA protein is 3V03.

In total, 61 samples were screened within a measurement time of 55 min, corresponding
to a per-sample acquisition time of only 54 s. The competition constants K¢ of the strong
trypsin ligands were re-evaluated under Magnevist-enhanced conditions, and the resulting
values (Table 6.2) deviated only marginally (within + 20 pM - 30 pM) from those obtained
without Magnevist. Since the data for K- determination without Magnevist was only done
on the TFBA-Trypsin system, only these results were compared. Thereby, these results
confirmed that the addition of Magnevist does not substantially perturb the TFBA-trypsin
or BSA binding equilibrium and can therefore be reliably used to reduce acquisition time.
Only hit 12 deviated from this trend for trypsin; this ligand had previously been validated
as a weak competitor for trypsin, and the aberrant value observed here is likely caused by
bubble formation during sample loading, which partially obstructed the sensitive detection
volume and attenuated the TFBA signal.

Building on the robustness of the trypsin-TFBA reference system, we next examined
whether the same set of strong hits displayed measurable interactions with BSA. Since
the dissociation constant Kp of TFBA for BSA was not determined within the scope of
this work, the apparent competition constants K¢ could not be calculated for the BSA
experiments. Therefore, we quantified binding solely based on the displacement strength F,
which reports the relative fraction of TFBA displaced by a competitor, normalized between
the fully bound and fully free R,-relaxation rates of TFBA.

Among the compounds evaluated, only hits 1, 7, and 10 produced quantifiable TFBA
displacement from BSA, observed as bright contrast in Figure 6.5. Their displacement
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Table 6.2.: Comparison of competitor binding affinities for trypsin under Magnevist-
enhanced acquisition.

Hit | Compound | Kc [mM] w/o Magnevist | Ko [mM] with Magnevist
1 D-GL 0.04 +0.1 0.06 = 0.1
5 CA 0.09 £ 0.1 0.09 £ 0.1
6 HMBA 0.24 £ 0.1 0.27 £0.2
7 BZD 0.05+0.1 0.05+0.1
10 AA 0.04 +0.1 0.06 £ 0.1
12 BAEE 0.34 +0.1 -

fractions were as follows: hit 7, 73%; hit 1, 55%; and hit 10, 49%. These values indicate that
hit 7 is the strongest competitor for BSA, followed by hit 1, whereas hit 10 exhibited the
weakest displacement among the three. Overall, the lower displacement levels compared
with the trypsin system suggest weaker interactions with BSA, consistent with the broad
and less specific binding characteristics typically associated with serum albumins.

Overall, these results demonstrate that (i) Magnevist effectively accelerates the screening
workflow by approximately twofold without compromising the fidelity of the displacement
readout, and (ii) the honeycomb cell-array platform is broadly applicable to diverse bio-
chemical questions without requiring any modification of the underlying sample-holder
geometry.
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6.5. Conclusion

In this work, we established that the gadolinium-based contrast agent Magnevist can be
incorporated into the F-MRI-driven ligand-screening workflow to substantially reduce
the measurement time from 18 min per sample (see the ?’F-NMR experiment described
in Chapter 4) to just 55s, without compromising the biochemical integrity of the pro-
tein-ligand interactions. This corresponds to an acceleration factor of approximately
20-fold.

A systematic comparison of chelated versus non-chelated Gd compounds demonstrated
that chemically stable formulations provide reliable paramagnetic relaxation enhancement
(PRE) while maintaining the native binding equilibrium in competition mode. In particular,
Magnevist exhibited no protein-ligand interaction, high chemical robustness, and pre-
dictable relaxivity required for quantitative displacement assays based on the T,-relaxation
MR mapping output, whereas the ionic salt GdCl,” showed greater sensitivity to the
chosen experimental condition, causing a propensity for unspecific interactions. These
observations underline the importance of selecting contrast agents.

Dose-response re-evaluation of strong trypsin competitor affinities as a reference system
(see Chapter 5) confirmed that the Magnevist usage for PRE-effect did not substantially
alter apparent K¢ values, validating its robustness for accelerated assays. The honeycomb
cell array platform was not only used for trypsin study, but also successfully applied to
an additional protein target, BSA, within the same array to find the common competi-
tors, and additionally, the displacement contrast for this protein. This demonstrates that
the measurement using honeycomb cell array architecture supports multiple biological
hypotheses without the need to redesign or reconfigure the sample holder.

The incorporation of optimized Magnevist into the parallelized honeycomb array enabled
T,-displacement curves to be acquired within seconds per sample, while simultaneously
broadening the scientific domain of the workflow, addressing multiple questions. Strong
trypsin binders were evaluated for BSA binding as well. Thereby enhancing the conceptual
throughput of the assay beyond purely temporal gains. This versatility is essential for
early-stage hit validation, where biochemical diversity and the behavior of unknown
compounds require a robust and generalizable workflow.

Overall, this Gd-enhanced contrast tuning study for ligand screening establishes a
paramagnetically enhanced F-MRI assay that meets the core requirements for high-
throughput ligand screening: (i) no chemical interference with protein or ligand, (ii) stable
and predictable relaxivity alterations, (iii) sufficient contrast efficiency to shorten echo
times, (iv) preservation of binding affinities in the presence of the contrast agent, and (v)
reproducible handling for multi-sample operation.

By demonstrating that measurement time can be reduced while maintaining quantitative
accuracy, the approach offers a promising platform for accelerating early drug-discovery
assays and expands the practical utility of 1?F-MRI as a parallelized screening modality
capable of handling biochemically diverse and unknown compounds.
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This thesis presents a comprehensive strategy for transforming °F magnetic resonance
imaging (MRI) into a practical, rapid, and high-throughput screening platform for the quan-
titative analysis of ligand libraries. Beginning with bundled NMR tubes and progressing
through capillary-based microarrays to a final miniaturized 61-cell honeycomb array, we
demonstrated how systematic sample-holder engineering can dramatically enhance spatial
parallelization. Each design iteration increased the number of simultaneously analyzable
samples by confining individual protein-ligand reactions to discrete voxels, effectively
converting the imaging field into a multiplexed biochemical assay while maintaining
spectroscopic specificity and biochemical fidelity.

By selectively detecting the '°F signal of fluorinated reporter ligands, a chemically agnos-
tic assay was established that does not require fluorescent, isotopic, or radioactive labeling
of proteins or ligands. The transverse-relaxation (13) contrast arising from the binding
states of the reporter ligand proved robust against protein and water background signals,
enabling clean displacement profiles even for weakly binding, non-fluorinated competi-
tors. Voxel-wise T,-mapping allowed the simultaneous quantification of apparent binding
constants (K¢) across dozens of competitors for both trypsin and PPAT, underscoring the
biochemical versatility of the platform.

Two complementary sample formats—a capillary array and a high-density honeycomb
array—formed the basis for true multi-sample parallelization. In particular, the honeycomb
architecture maximized filling factor, ensured reproducible T, mapping, and enabled
complete displacement curves to be recorded within a single MRI experiment. This
eliminated the time-consuming sequential workflow characteristic of conventional NMR
assays, which typically require hours to days of measurement time.

Because miniaturized sample geometries require increased spatial resolution, which in
turn prolongs acquisition times, a compressed sensing (CS) reconstruction scheme was
implemented. By focusing sampling on the contrast-bearing central region of k-space,
measurement times were significantly reduced while preserving quantitative accuracy in
Ry and K.

Further acceleration was achieved through paramagnetic relaxation enhancement (PRE)
using the clinically established contrast agent Magnevist. By substantially shortening both
T; and T, Magnevist enabled reduced echo and repetition times, resulting in more than an
order-of-magnitude reduction in acquisition time while maintaining the protein-ligand
binding equilibrium. PRE-based acceleration, combined with spatial parallelization, thus
unlocked dual-axis speed-up across both sample number and measurement time.

The F-MRI platform using integrated methodology of sample parallelization, PRE- and
CS-based temporal acceleration enabled the simultaneous analysis of 61 non-fluorinated
ligand samples within a single experiment in 54 s per sample. This corresponded to at least
a twentyfold acceleration compared with sequential ’F-NMR assays (20 min per sample).
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7. Conclusion & Outlook

Moreover, the samples could be classified into distinct binding categories, demonstrating
the assay’s relevance and applicability for early drug discovery workflows.

Taken together, °F-selective detection—positions MRI as an emerging analytical tool
for high-content biochemical screening. The platform is well-suited for functional as-
says, fragment-based discovery, structure-activity relationship (SAR) investigations, and
mechanistic enzymology, expanding the role of MRI beyond anatomical imaging into the
domain of early-stage drug discovery.

Several directions offer potential to further increase throughput and expand the plat-
form’s capabilities. Sample density may be increased through higher-resolution or multi-
layer honeycomb arrays, or by integrating automated loading systems and flow-through
architectures [32,145], enabling hundreds of distinct protein-ligand mixtures to be screened
in a single experiment. Additional gains in acquisition speed could be achieved through
rapid k-space traversal schemes (e.g., spiral imaging, EPI) [146-148] or more advanced
sparse-sampling and model-driven reconstruction methods, potentially pushing per-
sample measurement times into the sub-second regime.

Hyperpolarization techniques such as Signal amplification by reversible exchange
(SABRE) or dissolution dynamic nuclear polarization (DNP) [75] provide a further route
for dramatically boosting signal-to-noise ratio and could enable single-shot displacement
measurements. Beyond throughput, the biological scope could be expanded to multien-
zyme panels, fragment libraries, membrane proteins, and intrinsically disordered proteins.
Finally, combining parallelized '’F-MRI with machine-learning-based hit classification,
digital-twin experiment optimization, and automated sample handling may ultimately
yield a fully integrated, high-throughput screening pipeline for early-stage drug discovery.
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A. Appendix

A.1. Chemical preparation of drug candidates with different
solubility

Table A.1.: Hydrophobic compounds for drug screening

Solvent Compound

9*DMSO Aspartate
Cystine
Tyrosine

Biphely-phenyl urea
Benzoaminomethylphenol
Methotrexate
Aniline

Salicylic acid

Ibuprofen

2*Chloroform Ergosterol
Adamantane
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A. Appendix

Table A.2.: Hydrophilic compounds for drug screening

L-Alanine
R-2-Aminobutanol
Asparagine

Glutamine

Glycine

Leucine

Phenylalanine
Threonine

Glucose

Benzamidine
Benzoylarginineethylester
Glucosamine
N-Hydroxysuccinimide
Pyruvic acid

D-Alanine
Dimethylaminopropyl-
Ethylcarboimide
Acetyl-L-phenylalanine

Sodium acetate
S-2-Aminobutanol
Cysteine

Aspartic acid
Histidine

Lysine

Proline
Tryptophan
Lactose
Benzylamine
Imidazole
L-Ascorbic acid
D-Maltose

Alginic acid
Hydroxy-Methylbutyric acid
Poly(vinyl alcohol)

Mannitol

Trizma acetate
Arginine
Methylbenzylamine
Glutamic acid
Isoleucine
Methionine

Serine

Valine

Sucrose

Starch
Hydroquinone
Glucono-delta-lactone
Nicotinamide
Polyethylenglycol
Citric acid

Urea

A.2. k-space representation for CS

To visualize the k-space distribution of CS sampling, we simulated k-space with different
CS parameters using a Shepp-Logan phantom [149], which consists of multiple elliptical
structures with varying intensities, thereby simulating brain-like tissue contrasts (Fig-
ure A.1). To mimic real MRI acquisition, Cartesian undersampling masks were simulated
with a fully sampled central k-space area (CA) and uniform random sampling across the
remaining k-space. Three CA values (100%, 43% and 22%) were compared at a fixed overall

sampling fraction of 43%.

Overall, our simulated CS undersampling patterns demonstrated that preserving image
quality is closely tied to the chosen sampling strategy, with particular emphasis on the
importance of the central k-space for diagnostic accuracy.
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A.3. Generate a 2D Cartesian undersampling mask

A) k-space Simulation
Sampling / Center Area

100/100 43/100

IS

32

'" Log Intensity

0 5 10 15 20 25 30 0

32

10 15 20 25 30

B) Experimental Data

100/100 43/43

Figure A.1.: Simulated MRI k-space representation of Shepp-Logan phantom with varying
degrees of compressed sensing undersampling and center k-space retention
and experimental k-space data of the honeycomb image from Figure 3 in
fully sampled and undersampled versions. Signal intensity is shown as the
logarithmically scaled magnitude of the Fourier transform after applying the
undersampling mask. The size of the images was MTX 32 X 32. The simulated
image is for illustrative purposes and not derived from experimental data. The
imaging parameters for the experimental data are given in the referred figure.

A.3. Generate a 2D Cartesian undersampling mask

The following Python script reads k-space rawdata from a Bruker dataset.

import sys, numpy as np

from pathlib import Path

from PIL import Image

from brukerapi.dataset import Dataset

def open_dataset(exp: Path):

# Try opening the xxfolderxx first

try:
return Dataset(str(exp))

except Exception as el:
# Fallback: try opening the *xfilexx directly
rd = exp / "rawdata.job0"
if not rd.exists():
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A. Appendix

raise FileNotFoundError(f"rawdata.job® not found in {exp}")
try:

return Dataset(str(rd))
except Exception as e2:

print("Tried folder and file; both failed.")

print("Folder error:", repr(el))
print("File error :", repr(e2))
raise

if __name__ == "__main__":

if len(sys.argv) < 2:
print(’'Usage: py read_rawdata_job0.py "F:/path/to/EXPno/"")
sys.exit(1l)

exp = Path(sys.argv[1])
if not exp.exists():
raise FileNotFoundError(f"Experiment folder not found: {exp}")

with open_dataset(exp) as d:
raw = d.data
print("dataset type:", d.type, "shape:", raw.shape, "dtype:", raw.dtype)

# If last axis is [Re,Im], convert to complex
if raw.dtype.kind != ’'c’ and raw.shape[-1] == 2:
raw = raw[..., 0] + 1j * raw[..., 1]

np.save(exp / "kspace_rawdata_job0O.npy", raw)

# Readout length (nx)
try:

nx = int(d["ACQ_size"].value[0])
except Exception:

nx = raw.shape[-1]

flat = raw.reshape(-1, nx)

# Guess coils (adjust if you know it)

for ncoils in (32, 16, 8, 4, 2, 1):
if flat.shape[0] % ncoils ==

break

ks = flat.reshape(ncoils, flat.shape[0] // ncoils, nx)
np.save(exp / "kspace_coils.npy", ks)

# Quick 2D preview: IFFT2 per coil -> RSS
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A.4. Magnevist concentration optimization for TFBA

k2 = ks[:, :ks.shape[l], :]

img = np.fft.ifftshift(np.fft.ifft2(np.fft.fftshift

(k2, axes=(-2, -1))), axes=(-2, -1))

rss np.sqrt((np.abs(img) #*x* 2).sum(axis=0))

rss = (rss - rss.min()) / (rss.max() - rss.min() + le-12)
Image.fromarray((rss x 255).astype("uint8")).save(exp

/ "img_rss_from_rawdata_job0.png")

A.4. Magnevist concentration optimization for TFBA

The T,-relaxation mapping was recorded using two different Magnevist concentrations
(100 uM and 50 uM) to investigate the PRE effect on the reporter ligand TFBA at the concen-
tration of 5 mM using RARE protocol. The ROI is driven over the samples concentration
three different samples shown in Figure A.2.

parameter M EE—

Fix Walue StdDey Fis WValue StdDew Fm Value Srcllen
N o ) 3 ) ) "
[ ] 16108 195.50 25477 164,33 11123
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Figure A.2.: T,-mapping analysis in Bruker ParaVision using freehand ROIs. The left
panel shows the multi-echo F-MRI image of free TFBA (5 mM with three
selected freehand regions of interest (ROIs), each corresponding to distinct
sample compartments (1 - 100 pM, 2 - no magnevist, 3 - 50 pM) within the
capillary array. The right panel displays the ParaVision fitting interface,
showing the mono-exponential signal decay fit for each ROI across all echo
times. Extracted fitting parameters include the amplitude (A), offset (C), and T;
relaxation time, together with associated standard deviations and degrees of
freedom. This interface allows direct comparison of T,values between different
sample regions under identical acquisition conditions.
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