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ABSTRACT 

19 F NMR is a well-established technique for screening ligands in early drug discovery. However, conventional NMR measurements 
are inherently sequential, which limits experimental throughput. We recently demonstrated that 19 F MR imaging (MRI) enables 
spatial parallelization of such measurements. In this study, we leverage the reporter assay format, where the transverse relaxation 
( 𝑇2 ) of a fluorinated reporter ligand is monitored in the presence of potential competitors. Using 𝑇2 -weighted MR images, 
up to 61 miniaturized samples can be resolved simultaneously. The screening assay operates at microliter-scale volumes in a 
custom miniaturized honeycomb sample holder, providing a readily accessible and scalable quantitative binding assay. To further 
accelerate data acquisition, we developed optimized imaging protocols based on compressed sensing (CS), enabling substantial 
reductions in measurement time without compromising quantitative accuracy. This approach allows parallel screening of 55 
potential ligands and efficient determination of relative binding affinities through simultaneous dose-response experiments. 
We demonstrate the method on the model protein trypsin and the antibiotic target PPAT, characterizing several ligands with 
distinct binding properties. This study highlights the potential of MRI to enhance throughput and efficiency in early-stage drug 
discovery markedly. 
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 Introduction 

he early drug discovery process involves several steps from
irst identification of hits to the development of lead compounds
 1 ]. In the first step, compounds are screened against a target
iomolecule to find initial hits that typically only have weak affin-
ty. In a second step, the affinity of these ligands is quantified. The
igands with the highest affinity are modified in order to improve
heir affinity against the target, and later, lead compounds are
eveloped where several other properties are optimized. During
his early stage of drug discovery, typically, biophysical methods
nd biochemical assays are employed. The main requirements for
hese methods are: (i) high sensitivity to binding events, in order
o detect weak primary ligands, (ii) high throughput to enable
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Small Methods published by Wiley-VCH GmbH 
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testing of as many potential ligands as possible, as hit rates are
typically low, and (iii) the capability of determining the affinity of
ligands, since this is the most important parameter to prioritize
compounds in the pre-clinical stages. 

Several biophysical methods have been established like surface
plasmon resonance (SPR) [ 2, 3 ], isothermal calorimetry (ITC)
[ 4, 5 ], differential scanning fluorometry (DSF) [ 6 ], nuclear mag-
netic resonance (NMR) [ 7, 8 ], and others, which can be used
both for initial hit identification and for subsequent affinity
determination [ 9 ]. Hardly any of these methods fulfil all three
criteria mentioned above, be it due to lack of sensitivity to weak
binders (SPR, and enzymatic assays), low throughput (ITC),
or unclear affinity determination (DSF, X-ray). This typically
se, which permits use, distribution and reproduction in any medium, provided the 

1 of 13

http://www.small-methods.com
https://doi.org/10.1002/smtd.71004
https://orcid.org/0000-0002-6680-6117
https://orcid.org/0000-0001-7732-495X
https://orcid.org/0000-0003-4354-7295
https://orcid.org/0000-0002-9362-4845
mailto:jan.korvink@kit.edu
mailto:neil.mackinnon@kit.edu
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/smtd.71004
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.71004&domain=pdf&date_stamp=2026-09-06


m  

y  

i  

f  

t  

o  

q  

r  

(  

p  

[  

l
[

H  

t  

w  

b  

r  

b  

T  

o  

a  

f  

t  

t  

i

T  

(  

t  

a  

r  

i  

i  

t  

s  

c  

o  

b  

l

H  

a  

m  

t  

1
 

d  

a  

f  

t  

d  

f  

c  

r

I  

t  

e  

h  

b  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.71004 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [14/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
akes it necessary to combine several assays [ 10, 11 ] which often
ield conflicting results as the experimental conditions are not
dentical in the different approaches. NMR stands out in that it
ulfills essentially all requirements: it has the highest sensitivity
o weak binding events and is the preferred method for screening
f fragment libraries with hits of very low affinity. NMR enables
uantification of ligand–protein affinities over a wide dynamic
ange. Direct binding experiments provide dissociation constants
 𝐾𝐷 ) from the millimolar to low micromolar range, while com-
etition assays extend the sensitivity to low nanomolar affinities
 12–17 ]. The apparent dissociation constant of the competitor
igand determined from the competition assay is denoted as 𝐾𝐶 

 18–20 ]. 

owever, the throughput of NMR experiments is generally rela-
ively low. This limitation is less pronounced in initial screening,
here thousands of compounds can be tested in mixtures. The
ottleneck becomes more significant in subsequent optimization
ounds, where individual compounds need to be tested for
inding, and affinities must be determined in lengthy titrations.
he low throughput is due to the inherently sequential nature
f NMR measurements, where each sample is measured one at
 time. Inspired by earlier work [ 21 ], we introduced a parallel
ormat which takes advantage of magnetic resonance imaging
o resolve a bundle of nine NMR tubes inserted at the same
ime into an MRI instrument [ 22 ]. Thus, the throughput was
ncreased 9-fold. 

hese measurements exploited the well-established approach of
19 F) ligand-based screening in an indirect competitive mode. In
his format, a fluorinated reporter molecule with low-binding
ffinity is displaced by a non-fluorinated competitor [ 14, 23 ]. The
eporter’s 19 F signal is maximal in its free state, yielding bright
mage contrast in an MR image. Binding events reduce signal
ntensity (SI), producing grayscale levels quantitatively linked
o the transverse relaxation time of the 19 F reporter. Given the
ensitivity of 19 F transverse relaxation ( 𝑇2 ) to changes in the
hemical environment, this technique enables the quantification
f binding affinities of unknown non-fluorinated competitors
y measuring image contrast alterations resulting from reporter
igand displacement. 

ere, we present a significant step forward by introducing
 miniaturized sample holder, which allows the parallelized
easurement of 61 samples, using only a fraction of the material
hat was required in the original format. We exploit an innovative
9 F-MRI reporter format to triage compounds for binding to
ifferent target proteins in a first step. For identified binders, the
ffinity is then determined in a parallel titration against the same
luorinated reporter. The capacity of the current sample holder
hus allows testing 58 compounds for binding in parallel and
etermining the affinity of 10 ligands. However, the miniaturized
ormat with cell diameters of 1 . 5 mm , presents a significant
hallenge to MRI, since 𝑇2 -weighted 19 F MR images with high
esolution need to be recorded efficiently. 

n conventional MRI, full k -space sampling is typically employed
o preserve signal integrity, suppress image artifacts, etc. How-
ver, this requires a large amount of measurement time, and in
igh-throughput MR screening applications focusing on ligand-
inding assays, the objective is simple estimation of 𝑇2 rather
of 13
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 minimum k-space sampling required to ensure reliable quan-
tification and classification in sparsity-driven magnetic resonance
imaging assays? 

Compressed sensing (CS) is a widely adopted sparsity-promoting
method that facilitates undersampling by exploiting low k -t sam-
pling rates (sub-Whittaker-Nyquist-Shannon). Using Cartesian
k -space trajectories with random undersampling patterns, the
frequency-encoding (FE) direction remains fully sampled, while
only a subset of the phase-encoding (PE) lines is acquired.
The number of acquired PE lines scales linearly with the total
acquisition time, thus shortening scan time. By acquiring only a
fraction of the data, imaging time can be accelerated (e.g., 8-fold
acceleration when 32 out of 256 lines are acquired). 

Assuming a dataset of 𝑁 samples, a fully sampled acquisition
requires approximately 2 𝑚𝑁 measurements according to the
Whittaker–Nyquist–Shannon sampling criterion [ 24, 25 ], where
𝑚 denotes the maximum spatial frequency. In the context
of k -space acquisition, let 𝑠 denote the number of acquired
complex-valued k -space samples. CS intentionally acquires only
a subset of these measurements ( 𝑠 < 2 𝑚𝑁), thereby reducing
the acquisition burden. Although this undersampling violates
the Whittaker–Nyquist–Shannon sampling criterion required for
conventional Fourier reconstruction and would therefore lead to
aliasing artifacts, accurate image reconstruction remains possible
by exploiting the sparsity of MR images together with inco-
herent k -space sampling and iterative nonlinear reconstruction
algorithms. Consequently, CS enables substantial reductions in
acquisition time while preserving image fidelity and improving
signal-to-noise ratio (SNR) [ 26 ]. 

Predicting the extent of acceleration achievable without compro-
mising image quality and diagnostic efficacy is ambitious. CS
techniques are effective when the necessary data points and their
k -space locations are known to ensure clinical relevance. Given
that medical images are highly interpretable in specific transform
domains and can be represented sparsely, CS is frequently
utilized in medical imaging applications (e.g., 3D abdominal
MRI, free-breathing DCE-MRI, 4-D flow imaging) [ 27 ]. Hence the
question arises: Why not take advantage of compressed sensing for
imaging-based drug discovery as well? 

Here, we report a highly parallel and sparsely sampled hit-to-
lead compound screening assay using a 19 F-MRI methodology.
The assay is based on a transverse-relaxation approach combined
with CS undersampling to accelerate imaging time. By exploiting
CS, we were able to reduce the imaging time from 18 to 2min per
sample [ 22 ], while maintaining microliter-scale sample volumes.
By monitoring 19 F-signal alterations of the fluorinated reporter
molecule 4-trifluoromethyl-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 19 F-MR image acquisi-
tion. From this, 13 primary hits capable of displacing bound
TFBA trypsin were identified. We then quantified their binding
Small Methods, 2026
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ffinities ( 𝐾𝐶 ) by measuring changes in 𝑅2 relaxation times in a
ose-dependent manner. 

o validate and further characterize weak binders, we constructed
 reference library of known TFBA competitors with different
inding affinities and compared their binding regimes. 

s a disease-relevant case study, we applied our screening
orkflow to the enzyme phosphopantetheine adenylyltransferase
PPAT). PPAT is an essential enzyme in bacterial synthesis of
o-factor A, rendering it a promising target in the development
f antibacterial agents [ 28, 29 ]. By analyzing the displacement
f the fluorinated reporter molecule (1-[3-(trifluoromethyl)-
1,2,4]-triazolo[4,3-b]pyridazin-6-yl]piperi-dine-4-carboxylic acid
TTAPC), we identified three non-fluorinated inhibitors with dif-
ering binding strengths as competitive displacers. This demon-
trates the successful extension of our 19 F- 𝑇2 relaxation-based
rug screening methodology from the well-characterized enzyme
rypsin to the more complex, disease-relevant enzyme PPAT. 

 Results and Discussion 

.1 Higher Sample Parallelization and Sparse 
ampling 

ecently, we demonstrated a 19 F-MRI ligand-based assay using 𝑇2
apping to screen 9 samples containing ligand-protein mixtures
n parallel. Binding was determined in competition mode using
he well-studied trypsin-benzamidine (BZD) system [ 22 ]. In the
resent work, sample parallelization and miniaturization were
ncreased in conjunction with optimized MRI techniques for
igand screening, aiming to achieve the highest throughput while
alancing SNR, resolution, and maximum acceleration factor
AC). 

or the first step towards higher parallelization, the number of
amples was extended from 9 (in the original work) to 61 using a
ustom sample holder in a honeycomb shape designed to exploit
he accessible physical space inside our home-built 19 F-coil [ 22 ]. 

o achieve optimal imaging resolution to ensure spatial discrim-
nation of individual compartments (cells) within the custom-
uilt honeycomb sample holder (shown in Figure S1 ), in-plane
esolution was set to 64 × 64 while keeping the field of view
FOV) constant at 20 mm . Within a 10 mm image slice, 0 . 97 mm3

as sufficient to visually distinguish between adjacent cells
ith a wall thickness 150 μm (Figure 3C ) at a reasonable
easurement time. 

ext, the reporter TFBA concentration was adjusted from 25 mM
o 5 mM. By lowering the reporter concentration, we reduced
he threshold for competition for the binding site of trypsin,
ensitizing the assay to weak binders that could then displace
FBA (see Supporting Information for a TFBA concentration
ptimization for weak binders). 

he optimal target (i.e., protein) concentration and the echo delay
ime (TE) for the spin echo RARE protocol were determined by
nvestigating the 19 F-signal contrast 𝐶SI on the MR images using
he honeycomb sample holder. By comparing the 19 F SI of the
mall Methods, 2026
TFBA reporter in the free ( f, free ) and trypsin-bound states ( b,
bound ), we calculated the contrast (adapted [ 20 ]): 

𝐶𝑆𝐼 =
𝑆 𝐼𝑓 − 𝑆 𝐼𝑏 

𝑆𝐼𝑓 
× 100 (1)

With 5 mM TFBA, a 19 F- 𝐶SI of 84% was achieved with a trypsin
concentration 300 μM and 200 ms as the TE time, which is opti-
mal to ensure a large assay window for competition experiments
where the contrast should be greater than 70% [ 20 ]. These values
were used for single-echo displacement experiments in all future
experiments unless otherwise described. 

To accommodate the increased sample density in this work,
experimental parameters were updated relative to our previous
9-capillary version [ 22 ]: 

∙ The reporter ligand TFBA concentration and sample volume
were reduced from 25 to 5 mM and from 200 to 50 μL ,
respectively. 

∙ Acquisition matrix size was increased from 32 × 32 to 64 × 64.

These modifications, particularly the 20-fold reduction in the
total amount of reporter ligand per sample (resulting from a 5-
fold reduction in TFBA concentration and a 4-fold reduction in
sample volume), required longer acquisition times to maintain
sufficient SNR. In our previous study [ 22 ], a conventional single-
sample 19 F 𝑇2 measurement performed in a standard 5 mm NMR
tube ( 500 μL ) required approximately 18min per sample. Physical
sample parallelization using the 9-capillary holder reduced the
effective acquisition time to approximately 6min per sample
while maintaining comparable SNR conditions (SNR ≈ 15). In
the present work, the honeycomb holder extends this concept by
enabling the simultaneous measurement of 61 samples within a
single MRI acquisition. The combination of high-density sam-
ple parallelization provided by the honeycomb holder and CS
reduced the effective acquisition time to approximately 2min
per sample, corresponding to an overall 9-fold acceleration
compared with the conventional single-sample experiment (see
Table S3 ). 

Since the CS technique is achieved by skipping some k -space
data that are normally acquired, two parameters in ParaVision
(Bruker) were optimized while aiming to preserve quantitative
accuracy of relaxation measurements and image quality: sam-
pling ( S ) and center area (CA). The degree of sampling ( S )
altered the total number of PE steps collected relative to the
whole k -space. By adjusting the parameter CA, the distribution of
collected k -space data points between the central and peripheral
regions was optimized. We investigated the optimal k -space
undersampling through CS parameter optimization, where image
quality was kept as high as possible and extracted 𝑇2 -relaxation
time deviations were minimized compared to the fully encoded
𝑇2 -weighted images (see Supporting Information, Compressed
Sensing). 

As a reference point, multi-echo 𝑇2 -relaxation experiments using
CS were first carried out using the capillary system with a larger
sample volume ( 200 μL ) to investigate the correlation between the
two CS parameters, spatial resolution factor, and the 𝑇2 -relaxation
3 of 13
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Figure 1 CS parameter optimization on capillary and honeycomb sample holder system using spin echo pulse sequence. 19 F- 𝑇2 -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 CA amounts were varied and are given over 
each image. AF 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 × 20 mm , MTX 32 × 32 , SL 10 mm , TR/TE = 2 . 5 s / 200 ms , 
NEX 20, TA 38min and for the honeycomb sample holder FOV 20 mm × 20 mm , MTX 64 × 64 , SL 10 mm , TR/TE = 6 s / 200 ms , NEX 500, TA 2 h . n/a 
indicates conditions for which the parameter was not applicable. 
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ime of the observed protein-ligand experiments. To accomplish
his, seven capillaries containing 5 mM free TFBA with 300 μM
rypsin, and five different BZD experiments ranging over 100 μM –
00 μM were investigated by varying the acquired k -space data
ampling percentage and CA. In our CS 𝑇2 -weighted-19 F-MRI
xperiments, k -space was acquired with the RARE encoding
cheme (order of acquisition), where the PE lines are distributed
cross successive echo trains rather than being sampled strictly
inearly. 

he fraction of k -space sampling was varied between 16% and
6% of the central area while keeping an overall sampling of
0%. The results were compared to the TFBA free sample from
he fully sampled reference 𝑇2 -weighted 19 F-MR image carrying
 capillaries (sample “F” in Figure 1 ). The remaining noncentral
 -space data points were selected randomly in the outer spatial
requencies of the 32 x 32 matrix. 

NR analysis based on the sample denoted “F” demonstrated that
n increased number in the central k -space region by varying CA
arameter only changed the SNR values proportionally without
of 13
impacting the imaging time, since the low spatial frequencies
located in this region encode image contrast and smooth struc-
tures. 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 PE 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%, prov-
ing 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 AF. The 𝑇2 -weighted
images of sample F exhibited blurring artifacts as S decreased
to 40%, and the derived 𝑇2 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 𝑇2 -time analysis, despite minor signal overlap
between neighboring experiments. Thus, for both sample holder
Small Methods, 2026
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Figure 2 Reference competitors for TFBA displacement with BZD, BZA, MZA. (A) 𝑇2 W snapshots of TFBA using fully encoded MSME imaging 
protocol, competitors 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 μM ) are shown as 
a function of competitor concentrations in a range of (5 – 60 mM (white)). The TFBA displacement experiments (A–F) are in different concentrations: 
A indicates 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 × 20 mm , MTX 32 × 32 , SL 10 mm , TE = 200 ms , NEX 500, TA 2 h–4 h depending on the TR selection. Voxels 
correspond to a volume of approx. 4 mm3 per sample. CS was not applied. 

s  

2  

a  

p  

n  

o  

s

T  

w  

s  

d  

t  

p  

w  

b  

d

2

L  

b  

i  

[  

r  

o  

s  

𝐾  

w  

t  

l  

c  

t  

e  

t  

c

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S

 23669608, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.71004 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [14/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
ystems, we could reduce the S to 43 %–40 % with an AF of
.7 for the capillary system and 2.4 for the honeycomb system
nd still perform distinctive ROI analysis on the undersam-
led 19 F-images (Figure 1 ). To eliminate signal overlap between
eighboring cells for the honeycomb structure, the spatial res-
lution was enhanced by a factor of 4 compared to capillary
ystem. 

he optimal balance between SNR and acceleration was achieved
ith 43% coverage of the central k -space and S of 43% for both
ample holders. This configuration resulted in only a minor
eviation (approximately 20 ms ) in the measured 𝑇2 relaxation
ime for experiment F while enabling drug candidate screening
er sample within just 2min . Therefore, these CS parameters
ere applied for the hit screening (phase 1) as well as for the
inding affinity determination of the lead competitors (phase 2)
escribed below. 

.2 Benchmarking With Known Competitors 

ow-affinity competitors may be mistakenly classified as non-
inders due to their minimal displacement effects, particularly
n low signal contrast scenarios when acquiring MR images
 20, 30, 31 ]. To mitigate this challenge and strengthen the
eliability of our 19 F-MRI hit screening, we tested the limitations
f this assay using a set of known trypsin competitors for TFBA
panning largely different binding affinities: BZD (strong binder,
𝐶 = 35 μM ), BZA (weak binder, 300 μM ), and MZA (very
eak binder, 𝐾𝐶 = 1.5 mM) [ 32–34 ]. In these experiments,
he capillary sample holder was used, as it accommodates a
arger sample volume ( 200 μL ) compared to a single honeycomb
ell ( 50 μL ), thereby improving SNR 4-fold. The strategy was
o determine the binding affinities of weak TFBA competitors,
stimate detection thresholds for these competitors, and iden-
ify potential aggregation- or solubility-related effects at high
ompetitor ligand concentrations. 
mall Methods, 2026
Fully encoded, dose-dependent 𝑇2 -weighted 19 F-MRI experi-
ments were conducted using the same TFBA (5 mM) and
trypsin (300 μM ) concentrations to characterize the reference
competitors in different concentration ranges (Figure 2 ). 

19 F-signal-based displacement analysis demonstrated detection
sensitivity sufficient to distinguish the weak binder BZA and the
very weak binder MZA, with a calculated 𝐾C of approximately
300 μM and 1.5 mM, respectively. 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. This pilot experiment established
that affinities can be determined in titrations for compounds
with affinities spanning two orders of magnitude and that even
weak binders can be detected, provided the concentration is high
enough. Based on the data in Figure 2B , a concentration of 30 mM
was chosen for the displacement experiments for screening. 

2.3 Highly Parallel Hit Screening 

Once experimental conditions were optimized, a library of 55
compounds was screened to find primary hits that displaced
bound TFBA from trypsin. We included triplicate control samples
of free TFBA and trypsin-bound TFBA for SI normalization,
bringing the total number of samples to 61. Compound screening
was done at 30 mM concentration, ensuring a large excess
was available, such that also weak competitors would partially
displace TFBA present at 5 mM concentration. 

The screening experiment was performed using a RARE protocol
with two specific TE times. The experiment with TE = 20 ms

served as a reference experiment. Notably, this experiment also
determined the orientation of the honeycomb structure in the
magnet. The distinct signals of positive (free TFBA, brightest
image) and negative (bound TFBA, darkest image) controls were
used to establish the cell locations of the controls, and the location
5 of 13
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Figure 3 Miniaturized 𝑇2 -weighted-19 F-MRI compound screening in a honeycomb-shaped sample holder accommodating 61 cells. (A) Local- 
ization of individual reference samples with 19 F-experiment with TE = 20 ms : 5 mM free TFBA (F-red), 5 mM TFBA in presence of 300 μM trypsin 
(orange-B), partially displaced TFBA (other cells). (B) Detection of primary hits (30 mM (green)) upon displacement based on the 19 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 Tables 1 and 2 . The imaging parameters were FOV 20 mm × 20 mm , MTX 64 × 64 , SL 10 mm , TR = 2 . 5 s , NEX 500, TA 

2 h 5min . Voxels correspond to a volume of 0 . 97 mm3 per sample. CS parameters are 43% sampling / 43% CA. Structure visualization of trypsin (PDB 
ID: 1TGB). 
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f the competitor candidates was derived from the map of the
illing pattern (Figure 3A ). 

inders were identified using a two-point Carr–Purcell–
eiboom–Gill (CPMG) experiment acquired at echo times of
0 ms and 200 ms , where 𝑇2 -weighted contrast alterations were
ssessed. For binding analysis, only the images recorded at
he longer echo time (TE = 200 ms ) were evaluated, as they
rovided binding-induced alterations to 𝑇2 -values reflected by
he increased SI compared to the bound TFBA state. 13 primary
its from 55 compounds were identified based on the fraction of
eporter 19 F-signal recovered (Figure 3B ). The fraction of signal
ecovered was calculated by taking the ratio of the displaced
9 F-signal to the free TFBA 19 F-signal, where the displaced TFBA
of 13
was the difference between the 19 F-signals in the displaced and
bound states. 

Hits were grouped into three affinity categories (strong, weak,
very weak) according to their displacement relative to the reporter
ligand TFBA, with thresholds set as follows: strong binders ( 𝐹 =
99− 85% , weak binders ( 𝐹 = 84− 65% , and very weak binders
( 𝐹 = 64− 30% ). This classification guided further quantitative
affinity determination (numerical details in Table S4 ). 

The strongest displacement of the bound TFBA with a signal
recovery of 99-70% was caused by the hits with hydroxyl groups
(1, 5, 10, and 13), and the known trypsin competitor 7. Hits 3, 6,
and 12 caused a partial displacement above 50% and, therefore,
Small Methods, 2026
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Figure 4 Competitor validation for trypsin based on TFBA displacement efficiency. (A) Impact of competitor concentration on 19 F-signal recovery 
of free TFBA, shown in a compressed-sensed single 𝑇2 -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, cyan). Numbers above the colored boxes indicate the competitor 
concentration in mM. (B) Ranking for primary hits, expressed as the competitor concentration ([C], mM) required to achieve 50% TFBA displacement 
( 𝐼 𝐶50 ). Lower 𝐼 𝐶50 values indicate stronger binding competitors. (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. The dashed horizontal 
line marks the 𝐼𝐶50 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 × 20 mm , MTX 
64 × 64 , SL 10 mm , TR/TE = 6 s / 200 ms , NEX 400, TA 2 h . Voxels correspond to a volume of 0 . 97 mm3 per sample. CS parameters are 43% sampling / 
43% CA. 
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ere defined as weak binders. With the lowest signal recovery of
3%, hit 8 was categorized among other hits 2, 4, 9, and 11 as a
ery weak competitor (Figure 3D ). The other 42 compounds were
ound to be non-binders to trypsin. 

espite the acceleration that can be achieved, care must still be
aken in interpreting the imaging data. The apparent variation in
9 F-SI likely originates from imaging-related rather than chemical
actors (e.g., compound 4 in Figure 3A,B ). The detected 19 F signal
mplitude depends not only on molecular relaxation ( 𝑇2 decay)
ut also on slice-selection geometry, coil sensitivity, and local
usceptibility effects. In a multi-cell honeycomb array, even small
usceptibility artifacts (e.g., from bubbles or sample meniscus
urvature) may yield signal intensities that do not reflect the
hemistry. It is always useful to collect multiple slices along the
ample wells to identify and exclude wells where such artifacts
re found. 
mall Methods, 2026
2.4 Binding Affinity Determination of Lead 

Competitors 

In a second step, quantitative affinities of competitors from the
selected 13 primary hits identified in screening were determined,
using a dose-dependent approach. This dose-response format not
only serves for quantifying affinity, but potentially, false-positive
hits can be eliminated, and other nonspecific high-concentration
effects can be assessed. For this purpose, 𝑇2 -relaxation time
alterations of the trypsin-bound reporter TFBA 19 F-nuclei were
monitored upon the addition of 13 hits in a titration series, using
identical sample preparation and imaging parameters as before,
except for the TE time window. A broader TE series ranging
from 20 ms to 1100 ms was used to sample the full signal decay
curve, allowing a more accurate and noise-robust fit of the 𝑇2 
relaxation constant compared to the two-point estimation in
screening. 
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he hit concentration series was selected based on the TFBA
9 F signal recovery profiles of primary hits classified as strong,
eak, or very weak. BZD (hit 7) was used as a reference for
 strong competitor, with a binding affinity of approximately
 μM [ 22 ]. Accordingly, hits exhibiting signal recovery patterns
omparable to hit 7 were measured at concentrations ranging
rom 500 μM to 10 mM. Given the pronounced strong displace-
ent effect, concentrations exceeding 10 mM were not required.
n contrast, very weak hits were evaluated at concentrations
pproaching their solubility limits, ranging from 20 mM to 60 mM
Figure 4 ). 

he displacement values (F, %) of the reporter ligand TFBA
ere extracted from the transverse relaxation rates ( 𝑅2 ), where
 represents the percentage of reporter ligand displaced by the
ompetitor. The 𝑅2 -values were calculated from the measured 𝑇2
elaxation times in three binding states: free state ( 𝑅2 ,𝑓 ) , trypsin-
ound state in the absence of a competitor ligand ( 𝑅2 ,𝑛𝑐 ) , and
FBA displaced in the presence of trypsin and competitor ligand
 𝑅2 ,𝑐 ) [ 18 ]. 

𝐹 = 100 ×
( 

1 −
𝑅2 ,𝑐 − 𝑅2 ,𝑓 

𝑅2 ,𝑛𝑐 − 𝑅2 ,𝑓 

) 

(2)

ere, F = 0% indicates no displacement (fully bound reporter),
nd F = 100% represents complete displacement to the free
tate. The F values were fit with the four-parameter competitor
oncentration dose-response equation [ 35 ]: 

𝐹 = 𝐴 −
( 𝐴 − 𝐴0 ) 

1 +
(

[ 𝐶] 

𝐼𝐶50 

)𝑛 (3)

here 𝐹 represents the normalized displacement fraction corre-
ponding to the baseline 𝐴0 where there was no competing ligand
resent ([ C ] → 0) and A was set to 100 for maximum displacement
ndicating the full displacement of the bound TFBA. 𝐼𝐶50 is the
xtracted value after fitting the 𝐹 values calculated for competing
olecule 𝐶, and reflects the concentration required to displace
alf of the bound TFBA. The steepness of the curve, n (Hill coef-
icient), reflecting the cooperativity of the displacement process,
as fixed at 1 during curve fitting, assuming a simple non-
ooperative one- site competitive binding model. This assumption
s required for the application of the classical Cheng–Prusoff
elationship to convert 𝐼𝐶50 values into apparent dissociation
onstants ( 𝐾𝐶 ) for the competitor ligands [ 36 ]. 

y extracting the 𝐼𝐶50 -parameter, we aimed to achieve rapid and
obust estimation of competitive binding affinities, facilitating hit
anking and comparison across compound series. 

tilizing the 𝐼𝐶50 -values, we classified hits 1, 5, 7, and 10 as strong
inders, defined as compounds with [ 𝐼𝐶50 ] < 5 𝑚𝑀, since they
equire relatively low competitor concentrations to achieve 50%
isplacement of TFBA. 

its 6, and 12, by contrast, exhibited [ 𝐼𝐶50 ] > 5 𝑚𝑀 and were
herefore considered weaker displacers (Figure 4B ). 

its 4, 8, and 11 showed the weakest displacement effects and
heir corresponding F-values were near or outside the range
of 13
covered by the selected concentration series (Figure 4B ).
Quantification of low-level displacement (20 to 40% F-
values) requires a minimum signal contrast index ( 𝐶SI ) of 5
according to the analysis of reference compounds. Therefore,
for these hits, no reliable 𝐼𝐶50 -value could be determined,
and these hits would probably be discarded for further
development. 

Since hits 4 and 8 were known weak competitors of trypsin,
we performed additional displacement experiments with higher
signal-to-noise. To this end, the capillary-based system with
a higher sample volume was used. In this way, their bind-
ing affinities were then determined accordingly and listed in
Table 2 . 

The determined 𝐼𝐶50 values are highly useful for ranking individ-
ual hits; however, they only reflect the potency of a hit within a
given assay. For example, in an assay with a 10-fold lower reporter
ligand concentration, lower competitor concentrations would
result in 50% displacement. Therefore, to enable comparison
between different assays, the apparent dissociation constant ( 𝐾𝐶 )
of the competitor ligand was determined. Following previous
studies [ 18 ], 𝐾𝐶 was derived from the competition binding assay
using the known dissociation constant of the reporter ligand
TFBA ( 𝐾𝐷 = 142 μM ) [ 37 ]: 

𝐾𝐶 =
(100 − 𝐹 )[ 𝐶 ] 𝐾𝐷 

𝐹([ 𝐿𝑇 ] + 𝐾𝐷 ) 
(4)

where 𝐿𝑇 is the concentration of the reporter ligand (here TFBA).
Rearrangement yields: 

𝐾𝐶 =
[ 𝐼𝐶50 ] 𝐾𝐷 

[ 𝐿𝑇 ] + 𝐾𝐷 

(5)

The 𝐾𝐶 values of the competitor ligands ranged from 40 μM to
220 μM , corresponding to a broad spectrum of binding affinities,
as listed in Table 1 . 

Hits 2, 3, 4, 9 and 1 were reassessed using the reference com-
pounds (see 2.2 Figure 2A ). The TFBA displacement of those
competitors at a ligand concentration of 30 mM was compared
with the F-values of BZD ( 7 ), BZA ( 4 ), and MZA ( 8 ). We extracted
the 19 F-value for reference competitors at the concentration of
30 mM: 62% for BZA and 35% for MZA (Figure 2B ). 

Ultimately, we categorized hits 3 and 11 as non-binders since the
19 F- signal recovery was less than 10% with a binding affinity of
10 mM–20 mM (Table 2 ). Hit 9 displaced the bound TFBA in
a similar range as MZA, which was categorized as a very-weak
binder rather than a possible aggregation. For this very weak
displacement regime, it was necessary to collect an image with
a minimum signal contrast of 10%–15% between unbound and
displaced free reporter ligand experiments with an SNR value of 3.

We confirmed that competitors can be ranked by combining two
metrics: (1) dose-dependent reporter ligand displacement and (2)
𝐼𝐶50 comparison with a reference competitor measured under
identical sample conditions. These parameters were sufficient
for 𝐾𝐶 determination, thus, can be obtained in parallel, enabling
faster and more efficient screening. 
Small Methods, 2026
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Table 1 𝐾C values for strong TFBA competitors obtained from the 𝐼𝐶50 values determined in dose-dependent displacement experiments using the 
honeycomb sample holder. Note that the determined 𝐾𝐶 -values are below the protein concentration, where Equation ( 4 ) becomes less accurate. 

Hit Abbreviation Chemical name 𝑲C [mM] Literature values [mM] or explanation 

1 D-GL D-( + )-Glucono-delta-lactone 0 . 04 ± 0 . 01 —
5 Cit Citric acid 0 . 09 ± 0 . 03 —
6 HMBA 2-Hydroxy-3-methylbutyric acid 0 . 24 ± 0 . 09 —
7 BZD Benzamidine 0 . 05 ± 0 . 01 0.013 [ 38 ] - 0.016 [ 19 ] - 0.035 [ 33 ] 
10 AA Alginic acid 0 . 04 ± 0 . 02 —
12 BAEE N-benzoyl arginine ethyl ester 0 . 3 ± 0 . 1 Substrate (0.25 < 𝐾𝑚 < 1) [ 39 ] 

Table 2 𝐾C of weak competitor candidates determined in the capillary setup via single-concentration point with an exception of MZA and BZA 

via dose-dependent 𝑇2 -mapping. 

Hit Abbreviation Chemical name 𝑲C [mM] Literature values [mM] 

2 L-AA L-Ascorbic acid 1 . 15 ± 0 . 01 —
3 HQ Hydroquinone 18 ± 4 Nonbinder 
4 BZA Benzylamine 0 . 4 ± 0 . 2 0.3 [ 33, 34 ] 
8 MZA Methylbenzylamine 1 . 75 ± 0 . 01 1.5 [ 33 ] 
9 NHS N-Hydroxysuccinimide 1 . 19 ± 0 . 01 —
11 Glu Glutamate 9 ± 1 Nonbinder 
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.5 Application to the Antimicrobial Target 
rotein PPAT 

o test the 19 F-MR method in the miniaturized honeycomb
ormat, we applied this approach to an actual drug target.:
he enzyme PPAT, which is essential for bacterial synthesis of
oenzyme A. Here, the displacement of the fluorinated reporter
TAPC (1-[3-(trifluoromethyl)-[1,2,4]triazolo[4,3-b]-pyridazin-6-
l]-piperidine-4-carboxylic acid) was monitored upon the addi-
ion of three known PPAT ligands (compounds 14, 15, 16),
longside six previously tested hits (1, 5, 6, 7, 10, 12), which served
s controls. 

ose-dependent 𝑇2 -mapping of PPAT-bound TTAPC was per-
ormed using the same reporter ligand concentration (5 mM)
s for TFBA. However, the protein concentration was set to
5 μM , lower than in the trypsin study as 19 F-NMR experiments
emonstrated sufficient contrast using a PPAT concentration
ithin the range of 20–25 μM [ 31 ]. 

tilizing the 𝑇2 -filter (TE = 200 ms ), we quantified the com-
etitive displacement of TTAPC by extracting dose-dependent
2 values for each compound and converting the resulting
𝐶50 values (Figure 5C ) into apparent competition constants 𝐾𝐶 

ccording to Equation ( 5 ). For this calculation, the experimentally
etermined dissociation constant of TTAPC ( 𝐾𝐷 = 440 μM ) was
pplied. The transverse relaxation rates of TTAPC were deter-
ined to be 𝑅2 = 2 . 70 s− 1 for the free ligand and 𝑅2 = 14 . 29 s− 1 for
he bound state, and these values were used consistently across all
nalyses. The resulting 𝐾𝐶 values are summarized in Table 3 . 

ased on this analysis, hit 16 emerged as the strongest competitor,
ith an apparent 𝐾𝐶 = 18 μM . Hit 15 showed a substantially
mall Methods, 2026
weaker affinity, with 𝐾𝐶 = 47 μM , corresponding to an approx-
imately 2.5-fold lower competition efficiency relative to hit 16.
Hit 14 produced only modest TTAPC displacement, yielding 𝐾𝐶 

= 498 μM , nearly one order of magnitude weaker than hit 15 and
more than 25-fold weaker than hit 16. 

Hit 10 was initially identified as binder, as it appeared to
increase the TTAPC signal in the presence of PPAT, how-
ever, the dose-dependent 𝑇2 -values did not follow a systematic
trend, indicating that no reproducible competitive displacement
occurred. Therefore, the dose-response experiment acted here
as a important validation step to identify false positives from
the initial screening. We attribute the erroneous behaviour of
hit 10 to its poor solubility at the mM concentrations that were
employed here; the precise solvent compositions and a visual
documentation of hit 10 upon DMSO addition are provided in the
Supporting Information. 

In summary, these results highlight the utility of the 19 F-MRI
approach for distinguishing competitors across a broad range of
relative affinities, and equilibrium constants can be determined
if the 𝐾𝐷 of the reporter ligand is known. Incorporating addi-
tional low-concentration data points would further refine the
displacement regression and provide a more complete charac-
terization of the competitive profile. Nevertheless, this example
illustrates how the method enables rapid, parallel prioritization of
ligand candidates. Beyond the quantitative assessment of ligand
binding, the method also proved sensitive to physicochemical
irregularities in the samples such as aggregation or phase sep-
aration. Dose-response curves and careful examination of the
images allowed identifying such false positive hits. Collectively,
this highlights the versatility of the 19 F-MRI workflow as both a
binding-affinity screening tool and a qualitative quality-control
9 of 13
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Figure 5 Dose-dependent displacement monitoring for the PPAT reporter ligand TTAPC via 𝑇2 W -19 F-mapping. (A) In addition to lead hits 
for trypsin, three known PPAT competitors (shown with the chemical structures; 14 - Biphenyl-phenyl urea, 15 -Benzoaminomethylphenol, and 16 - 
Methotrexate) were screened for displacement. (B) A fully encoded dose-response 𝑇2 -mapping showed the 19 F-signal alterations of the bound TTAPC by 
filtering only the displacers using a TE time of 200 ms (colored arrows show the direction of the concentration series). (C) Displacement strength of the 
hits using F-values measured by 𝑇2 -relaxation times with determined 𝐼𝐶50 -values. The imaging parameters were FOV 20 mm × 20 mm , MTX 64 × 64 , 
SL 10 mm , TE/TR = 200 ms / 6 s , NEX 200, TA 1 h . Voxels correspond to a volume of 0 . 97 mm3 per sample. CS parameters are 43% sampling / 43% CA. 
The PDB ID for the structural visualization of the PPAT enzyme is 6CCS. 

Table 3 𝐾C of PPAT hits determined in the honeycomb setup via 
dose-dependent 𝑇2 -mapping. 

Hit Chemical name 𝑰𝑪𝟓𝟎 [mM] 𝑲C [mM] 

16 Methotrexate 0.22 18 ± 5 

15 Benzoaminomethylphenol 0.58 50 ± 10 

14 Biphenyl-phenyl urea 6.16 498 ± 8 
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eadout for identifying sample-related artifacts or formulation
ssues. 

 Conclusion 

he pace of drug discovery is fundamentally limited by how
apidly compounds can be screened. Equally important, the
ersatility of the workflow allows interrogation of ligands across a
road affinity range while remaining compatible with microliter-
0 of 13
scale assay volumes used in pharmaceutical discovery. To
advance our rapid 19 F-MRI-based ligand screening methodology,
we implemented an optimization step focused on increasing
throughput, versatility, and MR image under-sampling by lever-
aging built-in instrument capabilities without requiring complex
pulse programming or costly hardware modifications. 

By customizing the sample holder from a bundle of 5 mm
sample tubes to honeycomb, we could accommodate 61 phys-
ically isolated compartments in the same signal environment
successfully imaged by using the maximum available physical
space in the 19 F-coil. With each cell containing a separate ligand-
binding reaction, we simultaneously screened a library of 55 non-
fluorinated drug candidates for protein binding within a single
measurement. 

Using 𝑇2 -mapping as the readout, we detect binding-induced
signal changes in the reporter ligands TFBA and TTAPC that
yield key information: hit/no-hit identification based on the 𝑇2 -
weighted contrast, competition fraction (%F), and determination
Small Methods, 2026
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f binding affinities ( 𝐾𝐶 ) via 𝑅2 -relaxation in dose-response titra-
ions. 

n screening mode, we identified 13 hits for trypsin based on the
ecovered 19 F signal of the reporter ligand TFBA using a single
2 -filter (TE = 200 ms ). In hit characterization, we determined
he binding affinities ( 𝐾C ) of six lead compounds ( 1 , 5 , 6 , 7 , 10 ,
2 ) for trypsin, and evaluated the 𝐾C values of three compounds
 14–16 ) with a wide range of affinities for PPAT. Thereby, this
creening approach was extended from the well-characterized
rypsin system to the disease-relevant protein PPAT. 

trong displacers ( 1, 5, 7, 10 for trypsin; 14, 15, 16 for PPAT )
ere reliably detected within the honeycomb setup, with opti-
ized conditions pushing sensitivity limits to sample volumes
f 50 μL at reporter concentrations of 5 mM. For weak binders
 2, 3, 4, 8, 9, 11 ) we reached the quantitative detection limit of
2 -based analysis, which was then overcome by integrating a
apillary system that improved SNR. 

he concentrations of reporter ligand and potential competitors
re 2-3 orders of magnitude higher than in conventional bio-
hemical assays and NMR binding experiments. The reporter
oncentration of 5 mM, which is necessary due to the relatively
ow sensitivity of MRI, sets a high threshold for displacement,
s potential competitors need to compete with the reporter at
his concentration. This presents some challenges in terms of
ompound solubility and detection limits for weak binders. The
igh concentrations of 30 mM required in screening are above the
olubility limit of many organic compounds, such that aggrega-
ion and associated artifacts can occur. We therefore expect that
he full potential of the presented assay will be exploited when
aired with hyperpolarization of the reporter ligand, which will
llow reducing the concentrations of all components by orders of
agnitude [ 40–42 ]. Nevertheless, with the current setup, we were
ble to efficiently identify ligands and characterize their affinities.
his is due to the relatively low affinity of the employed reporter
igands, which could be displaced even by weak hits ( 𝐾𝐶 > 1 mM).
he tested competitors had high solubility, such that they could
e employed at concentrations of 30 mM and above. 

mplementing CS to the optimized high-throughput pipeline, the
easurement time was reduced through capturing only 43% of
 -space. With sufficient SNR ( > 3) with minimal deviations in 𝑇2 -
elaxation times, even under violation of the Whittaker-Nyquist-
hannon criterion, we achieved robust compound screening in
pproximately 2 h per full set, corresponding to 2min per sample.
maging time was significantly reduced by a factor of 9-fold
multi-point 𝑇2 -relaxation mapping approx 20min [ 43 ]) while
till achieving high-quality image contrast. 

n case of utilizing different sample holder designs, we have
hown the necessity of adapting the spatial resolution, in our case
he voxel size changed from 4 mm3 to 1 mm3 . More importantly,
or the contrast-quantified MRI protocols, it is important to find
he trade-off between the amount of the central k -space and
lurring artifacts on the images, which is followed by the next
tep of optimization in the total undersampling rate. 

y combining miniaturized 61-cell arrays with CS, we achieved a
igh-throughput MRI rate and successfully optimized a stream-
mall Methods, 2026
lined workflow for competitive drug screening using 19 F-MRI,
which can be readily adapted to 1 H-MRI. When paired with
hyperpolarization techniques, this workflow has the potential to
transform protein-ligand detection into a rapid, parallel, and scal-
able platform, enabling high-content molecular screening. This
opens new possibilities for early-stage drug discovery, fragment
screening, and multiplexed assays. 

While demonstrated on a 15 . 2 T BioSpec MRI system with a
custom-built 19 F RF probe, the proposed methodology of simul-
taneous detection is readily transferable to other MRI and NMR
imaging [ 21 ] platforms supporting 19 F detection and imaging
gradients [ 44, 45 ]. At lower magnetic field strengths, the same
approach remains applicable, with reduced SNR primarily com-
pensated by longer acquisition times. The most likely trade-off
will be the degree of sample parallelization, with the honeycomb
system requiring scaling to fit the appropriate RF detectors in the
target system. 

4 Experimental Section 

Honeycomb sample container : The holder consists of 61 hexago-
nally arranged cylindrical cells, each with an internal diameter
of 1 mm and separated by 150 μm thick walls. The diameter
of the holder is 14 . 8 mm , designed to fit within a 15 mm
19 F-MRI coil. The sample holder was fabricated by 3D-Druck-
Service ( https://www.3d- druck- service.ch , Zurich, Switzerland.
Accessed 10.07.2026), on a 3D Systems VIPER Si2 printer using
Somos Prototherm 12120HT resin. 

Chemicals : Trypsin from bovine pancreas was purchased as
a lyophilized powder from Sigma-Aldrich (T9935), and (triflu-
oromethyl)benzamidine (TFBA) was obtained from Enamine
(EN300-73109). The E. coli protein Phosphopantetheine adenylyl-
transferase (PPAT) was prepared as described by Lorz et al. [ 31 ].
Hydrophilic and hydrophobic competitor ligands were listed in
the supplementary documentation. 

Characterization : All 19 F- 𝑇2 relaxation experiments were per-
formed on a Bruker 650 MHz ( 15 . 2 T ) BioSpec imaging system
(Bruker BioSpin, Ettlingen) with a 15 mm diameter home-
built 19 F-coil. Magnetic resonance (MR) images were acquired
with RARE (Rapid Acquisition with Relaxation Enhancement)
protocol and 𝑇2 -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. 

Representative results were validated across a minimum of three
independent experiments. Statistical analyses were conducted
using OriginPro 2025b (OriginLab Corporation, Wellesley Hills,
USA). 
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