Open Access Article. Published on 10 March 2026. Downloaded on 6/18/2026 8:05:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

COMMUNICATION

‘ ’.) Check for updates

Cite this: Nanoscale, 2026, 18, 8033

Received 14th January 2026,
Accepted 3rd March 2026

DOI: 10.1039/d6nr00177g *b

Youfu Wang

rsc.li/nanoscale

Magnetic resonance imaging (MRI) is a critical clinical diagnostic
tool, but conventional 'H MRI suffers from background signal
interference. °F MRI offers a promising alternative with near-zero
background noise, yet its progress depends on high-performance
fluorinated probes. Existing probes often struggle to balance
fluorine content, water solubility, and relaxation efficiency. To
address this issue, we developed a metal—organic cage (MOC) as a
platform for a novel dual-modal MRI nanoprobe. Using copper
ions as paramagnetic nodes and fluorinated oligoethylene glycol
as ligands, we synthesized a structurally precise and water-soluble
nanoprobe, MOC-F. This nanoprobe not only significantly
enhances the !H relaxation rate through its paramagnetic copper
centers, enabling high-contrast *"H MRI (r; = 25.96 mM~! s at
298 K, 0.5 T), but also promotes an increased relaxation rate for 1°F
nuclei via paramagnetic relaxation enhancement (a T,/T; ratio of
0.86 at 500 MHz), thereby facilitating efficient °F MRI. Both
in vitro and in vivo studies confirmed the outstanding dual-modal
imaging performance and good biocompatibility of MOC-F. This
work not only presents an innovative design strategy for develop-
ing highly sensitive °F MRI probes but also highlights the con-
siderable potential of MOCs in biomedical imaging, opening new
avenues for the development of advanced smart MRI nanoprobes.

1. Introduction

Magnetic resonance imaging (MRI) is an exceptionally powerful
non-invasive imaging technique that utilizes the phenomenon of
nuclear magnetic resonance to generate high-resolution, detailed
images of internal anatomical structures within living
organisms."” Due to the absence of ionizing radiation, MRI has
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long been widely adopted in clinical diagnostics and biomedical
research.* The most common form, 'H MRI, first realized by
Lauterbur in 1973, detects variations in the relaxation times of 'H
signals (primarily from water molecules) across different tissues,
thereby revealing detailed anatomical and pathological infor-
mation. However, background signal interference caused by the
excessively high natural abundance of 'H in biological systems has
become a critical limiting factor.°* 'F MRI, first reported in
1977, offers a compelling complement.'® As the second most sen-
sitive stable nuclide for MRI, "°F possesses 100% natural abun-
dance, a gyromagnetic ratio reaching 94% of 'H, and virtually no
endogenous background signal in soft tissues."**® Critically, 'H
and "F MRI can share the same hardware, enabling multimodal
imaging with minimal technical and cost barriers."””>°
Meanwhile, it is important to emphasize that F MRI does not
replace anatomical "H MRI but rather complements it.*"** With
near-zero background noise, '’F MRI generates highly specific
hotspot signals.** When these signals are overlaid onto 'H images,
they provide independent molecular information, thus enabling
seamless integration of structure and function,>***

Unlike "H MRI, the performance of '°F MRI depends criti-
cally on the use of exogenous fluorinated contrast agents.
Existing '’F MRI probes are primarily categorized into five
types—perfluorocarbons (PFCs), small fluorinated molecules
(SFMs), fluorinated ionic liquids (FILs), fluorinated polymers,
and inorganic fluoride nanoparticles (IFNPs)—each facing
inherent trade-offs among fluorine content, water solubility,
and relaxation efficiency.”® PFCs offer high fluorine content
but suffer from spectral complexity and hydrophobicity requir-
ing encapsulation.”” SFMs enable modular design, yet are
limited by low fluorine content.>®*>' FILs combine solubility
with high fluorine content but exhibit rapid clearance and
limited chemical diversity.**** Fluorinated polymers balance
hydrophilicity and fluorine loading at the expense of chain
rigidity and dispersibility,***® while IFNPs, despite their high
fluorine density, demand specialized UTE sequences due to
extremely short T, relaxation.*® Collectively, existing '°F MRI
probes are limited by trade-offs among sensitivity, design flexi-
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bility, water solubility, and imaging compatibility.*>*" There is
a clear and urgent need for a new generation of *°F probes that
combine high fluorine content, excellent biocompatibility, and
good water solubility with the capacity for precise molecular-
level design and regulation.

Recent advances in supramolecular chemistry, particularly
metal-organic cages (MOCs), have opened new avenues for
probe design.**> MOCs are discrete, precise nanostructures
with tunable cavities formed via coordination-driven self-
assembly.***® Their structural symmetry, functional versatility,
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Scheme 1 Structurally precise and water-soluble MOC-F nanoprobe
with an enhanced *H/*°F dual-modal MRI signal.
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and porosity enable diverse biomedical applications, yet
current MOC-based imaging is largely limited to fluorescence,
PET, and 'H MRL***® Extending MOCs to emerging modal-
ities therefore represents a promising frontier.

In response to current challenges and opportunities, we
propose a MOC-based platform for constructing a novel "H/*°F
dual-modal MRI probe. Using paramagnetic Cu”* nodes*® and
fluorinated oligoethylene glycol-modified isophthalic acid
ligands, we assembled a water-soluble, structurally precise
cuboctahedral nanoprobe (MOC-F) via coordination-driven
self-assembly. This system preserves the structural advantages
of MOCs while enabling synergistic enhancement of both 'H
and '°F MR signals, as shown in Scheme 1. By integrating
structural precision with functional tunability, MOC-F provides
a versatile and efficient nanoplatform for high-contrast biologi-
cal imaging and structure-performance research.

2.

2.1

Results and discussion
Synthesis and structural characterization

We first synthesized the fluorinated ligand L-F through a
series of chemical reactions and then assembled it with
copper ions via a self-assembly process to form the nanoscale
cage, MOC-F. The detailed synthetic route and structural
characterization data are shown in Fig. 1a and b and the SI
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Fig. 1 Structural characterization of MOCs. (a and b) Chemical structures of the organic ligands and corresponding MOCs. (c) FT-IR spectra
demonstrating characteristic functional group changes. (d) SEC profiles comparing the hydrodynamic volumes of two ligands, MOC and MOC-F. (e)
MALDI-TOF mass spectrum confirming the molecular weight of MOC-F. (f) DLS measurement of MOC-F in water, indicating its hydrodynamic dia-
meter distribution. (g) TEM image of MOC-F (scale bar: 50 nm). (h) AFM image (scale bar: 1 pm) and corresponding height analysis of MOC-F.
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(Scheme S1 and Fig. S1-S14). To facilitate a systematic com-
parison of their structures and properties, we simultaneously
synthesized the reference compound L without fluorine and
its corresponding nanoscale cage, MOC. Analysis of the 'H
NMR spectra of L, MOC, L-F, and MOC-F revealed that most
chemical shift signals in MOC and MOC-F exhibited signifi-
cant broadening and downfield shifts compared to their
corresponding ligands (Fig. S15 and S16). This phenomenon
indicates coordination interactions between the ligands and
Cu**, consistent with the coordination-induced chemical shift
trends reported in previous literature.’®>> Specifically, the
proton signals attributed to the aromatic ring in L and L-F
(8.18 and 7.70 ppm, and 8.20 and 7.73 ppm, respectively)
merged, broadened, and shifted to 7.38 ppm (MOC) and
7.43 ppm (MOC-F) upon cage formation. Additionally, the '°F
NMR spectrum of MOC-F exhibits a single signal at
—66.96 ppm (Fig. S17), further confirming the presence of only
one fluorine chemical environment in its structure, consistent
with our molecular design expectations for this probe.

Fourier transform infrared (FT-IR) spectroscopy provided
crucial evidence for successful coordination and fluorine
source introduction. As shown in Fig. 1c, both L-F and MOC-F
exhibit characteristic absorption peaks at 1723.4 cm™' and
1734.6 cm™ ' originating from the ester carbonyl group in the
fluorinated structure, while this signal is completely absent in
L or MOC, clearly demonstrating the successful introduction
of the fluorine source. Furthermore, the characteristic stretch-
ing vibrations of the carboxyl group in ligands L and L-F occur
at 1594.2 cm™" and 1596.1 cm™", respectively. Following the
formation of the cage structure, MOC exhibits two sets of
absorption bands at 1587.9 cm™' and 1378.1 cm™’, while
MOC-F shows two sets at 1588.8 cm™* and 1377.3 cm ™. These
are attributed to the stretching vibrations of the carboxylate
ions, indicating coordination between the carboxyl group and
the copper ion. Notably, both MOC and MOC-F exhibit charac-
teristic Cu-O bond peaks at 487.8 cm ' and 489.9 cm™,
respectively, providing further corroboration for the formation
of the coordination structure.

Based on the confirmed molecular structure and the estab-
lished tendency for isophthalic acid and copper ions to form
coordination bonds within the Cu,4L,, cuboctahedral skel-
eton, coupled with the high molecular weight characteristics
of the ligands and MOCs, we systematically investigated the
molecular weight, stability, homogeneity, and polydispersity of
the assembly via size exclusion chromatography (SEC). Fig. 1d
shows a single sharp peak for L and L-F at approximately 20.48
and 19.86 min, while peaks for MOC and MOC-F appeared at
18.43 and 18.05 min, respectively. The shorter elution times of
MOC and MOC-F reflect their larger hydrodynamic volumes
compared to the respective ligands. The molecular weights of
MOC and MOC-F determined by SEC were 10 857 and 17 832 ¢
mol ™", respectively, approximately matching the theoretical
values. Additionally, all four samples exhibited extremely
narrow polydispersity indices of 1.07, 1.06, 1.05, and 1.04,
respectively, indicating low dispersity and structural stability.
We further measured the molecular weight of MOC-F via
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matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry, observing a peak at 21 537 g
mol ™" consistent with the theoretical value, thereby confirm-
ing the formation of the structurally expected MOC-F (Fig. 1e).
Based on the molecular formula, each MOC-F contains 72 fluo-
rine atoms residing in identical chemical environments,
corresponding to a fluorine content of approximately
6.36 wt%. Detailed information regarding the comparative
samples L-F and MOC is presented in Table S1.

Benefiting from the oligoethylene glycol (OEG) linkages
between the fluorine moiety and the MOC core, MOC-F exhi-
bits exceptional water solubility, reaching up to 50 mg mL™".
For subsequent bioapplication experiments, we employed
dynamic light scattering (DLS) and zeta potential measure-
ments to determine the size and surface charge of MOC-F. The
results indicate that MOC-F exhibits a hydrated particle size of
approximately 6.3 nm with a uniform distribution (PDI = 0.24)
(Fig. 1f), carries a weak negative surface charge (—5.5 mV)
(Fig. 518), and remains stable for 12 hours. To further evaluate
its stability in physiological environments, we dissolved
MOC-F in PBS buffer (pH 7.4) or fetal bovine serum (FBS) and
retested after two days (Fig. S19). The DLS results showed that
its size remained consistent with the aforementioned values,
confirming the good structural integrity and stability under
simulated physiological conditions. Finally, we visually charac-
terized the nanoscale morphology of MOC-F using trans-
mission electron microscopy (TEM) and atomic force
microscopy (AFM). TEM imaging showed that MOC-F pos-
sesses a nearly spherical morphology with a uniform, ultra-
small size of approximately 7 nm (Fig. 1g). A representative
AFM image (Fig. 1h) clearly reveals that the synthesized
MOC-F consists of discrete, uniformly distributed nano-
particles. The average height of these particles was determined
to be approximately 7.5 nm. These data align closely with the
theoretical dimensions of Cu,,L,, cuboctahedral MOC, not
only experimentally confirming its successful synthesis and
structural integrity but also providing crucial evidence for its
excellent structural stability and narrow size distribution.

2.2 Evaluation of imaging performance

Following comprehensive characterization of MOC-F, its atom-
ically precise structure and ultra-small size and features
prompted us to explore its potential as a '’F MRI contrast
agent. The quality of MRI can be represented by the signal-to-
noise ratio (SNR). It is well known that the SNR exhibits a
negative correlation with the longitudinal relaxation time T4;
more precisely, the SNR is proportional to /1/T;. However,
during MRI signal acquisition, the SNR is also influenced by
the transverse relaxation time T7,. Specifically, the average
signal amplitude (Sav,) obtained per acquisition, and conse-
quently the overall SNR, is positively correlated with T, ie.,
SNR « e "7..*3 Research has demonstrated that introducing
chemical reagents to accelerate relaxation processes can simul-
taneously shorten both T, and T, though the extent of short-
ening may not be consistent between the two. If T, is exces-
sively shortened, the resulting decrease in S,,, may outweigh
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the gain from increasing the number of average repetitions
(NEX), leading to signal “quenching”. Conversely, if T, is mod-
erately reduced and the increase in NEX compensates for the
loss in S,y, signal enhancement may be achieved. Generally, a
T,/T; ratio greater than 0.4 is considered a practical criterion
for effective relaxation sensitization.>® Paramagnetic metal
ions are frequently employed as contrast enhancers, with
copper ions exhibiting particularly strong paramagnetic pro-
perties. This constitutes one rationale for selecting copper as
the metallic node within the MOC structure in this study. We
hypothesise that the copper ion at the MOC centre modulates
the relaxation times of surrounding "H nuclei of water mole-
cules and the "°F nuclei at the MOC periphery through inter-
actions with both the inner and outer spheres. This synergisti-
cally enhances "H/*°F magnetic resonance signals (Fig. 2a). To
preliminarily evaluate the effect of Cu>* on '°F relaxation, we
compared the °’F NMR spectra of the L-F (without Cu®") and
the assembled MOC-F (with Cu®*). As anticipated, the '°F
NMR spectrum of MOC-F exhibits a marked broadening of the
chemical shift lines, confirming that the potential interaction
between the Cu”* ion and the '°F nucleus results in accelerated
relaxation (Fig. 2b).

Therefore, we investigated the performance of L-F, MOC,
and MOC-F as potential "H MRI contrast agents at 0.5 T. We
first measured the relaxation times of the three samples at
different concentrations. As shown in Table S2, the T, and T,
of the 'H nuclei in L-F are in the thousands of milliseconds
range, while the T; and T, of the "H nuclei in both MOC
samples are shortened to varying degrees. The shortened T,
and T, of 'H in both MOC and MOC-F are attributed to the
presence of paramagnetic Cu”* within MOCs. With increasing
sample concentration, the 'H T; and T, of MOC and MOC-F
samples shortened significantly, while those of the L-F sample
showed no noticeable change (Fig. $20). Simultaneously, the
introduction of the paramagnetic metal ion Cu®*' into the
probe consistently maintained the T,/T; ratio within an appro-
priate range (>0.66), confirming the successful sensitization of
this probe class. Since this probe exhibits a marked shortening
of longitudinal relaxation time due to the presence of Cu*",
which maintains the T,/T; ratio within an optimal range to
enhance the SNR, it can be classified as a T;-weighted probe.
Plotting the reciprocal of the relaxation time versus concen-
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and hinged L-F on MOC-F containing Cu?* ions.
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tration yields longitudinal and transverse relaxation efficien-
cies of 26.13 and 33.68 mM ™" s~ for MOC, respectively, while
MOC-F exhibits longitudinal and transverse relaxation efficien-
cies of 25.96 and 34.18 mM™ ' s™', respectively, markedly
higher than those of L-F (Fig. 3a). These results indicate that
the 'H nuclear relaxation processes in both MOC samples are
significantly accelerated. This acceleration stems from the pro-
nounced paramagnetic relaxation enhancement (PRE) effect
imparted by the paramagnetic Cu®" ions. This effect also lays
the foundation for enhancing the SNR and image quality in
MRI using such probes.

Based on the above results, we further conducted in vitro 'H
MRI imaging experiments on aqueous samples of L-F, MOC,
and MOC-F to visually evaluate their imaging performance. As
shown in Fig. 3b, the imaging results clearly demonstrate that
both MOCs (MOC and MOC-F) produce MRI with a high SNR
and uniform signal distribution. Their signal intensity exhibits
significant dependence on probe concentration—with a
regular increase in signal intensity as the probe concentration
increases. This phenomenon aligns with typical relaxation-
enhanced mechanisms, further confirming the crucial role of
paramagnetic components in enhancing imaging contrast. In
contrast, under identical imaging conditions, the L-F aqueous
solution without paramagnetic metals produced only an extre-
mely weak signal, with imaging performance significantly
inferior to MOC and MOC-F. This intergroup discrepancy
powerfully demonstrates that the paramagnetic centers pro-
vided by Cu** ions in the structure are the fundamental cause
of effective MRI signal generation. The significant relaxation
enhancement effect they induce not only substantially
increases imaging sensitivity but also enables MOC and
MOC-F to exhibit outstanding signal response characteristics
in aqueous environments, thereby revealing their immense
potential as high-performance "H MRI probes.
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Fig. 3 The relationship between relaxation rates and the concentrations
of related probes for *H (a) and °F (c). The *H (b) and °F (d) MR images
of related probes at different concentrations (concentration [C] refers to
the molar concentration of the probe molecule (MOC, L-F, or MOC-F).
Fluorine atom concentration [F] is calculated from [C]. For MOC-F, each
molecule contains 72 equivalent °F atoms, and thus [F] = 72 x [C]. For
L-F, each molecule contains 3 fluorine atoms, and thus [F] = 3 x [C]).
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Similarly, to investigate the feasibility of MOC-F for '°F
MRI, we compared the '°F nuclear relaxation behavior of L-F
and MOC-F. The results indicate that both *°F nuclear T, and
T, of MOC-F in aqueous solution decrease significantly with
increasing concentration (Fig. S21), with a T,/T; ratio exceed-
ing 0.86 (Table S3 and Fig. S22-24). This classification con-
firms its status as a Ty-weighted '°F MRI probe. In contrast,
the relaxation times of L-F exhibit no apparent concentration
dependence. Furthermore, quantitative calculations revealed
longitudinal and transverse relaxation efficiencies of 0.261 and
0.288 mM "' s for MOC-F, respectively (Fig. 3c). Compared to
the ligand (Fig. S22 and Table S4), these relaxation efficiencies
exhibited an order-of-magnitude enhancement, highlighting
the crucial role of metal coordination in boosting fluorine
nuclear relaxation efficiencies.

During in vitro '°F MR imaging experiments, we conducted
comparative studies using fluorine atom concentration as the
standard. Since MOC-F contains 72 fluorine atoms and L-F
contains 3 fluorine atoms, the molecular concentration of L-F
is three times that of MOC-F at the same fluorine atom concen-
tration. In vitro "°F MRI imaging results further confirmed the
critical role of the metal center; in the control group without
Cu**, no significant 'F MRI signal was detected in the L-F
solution (Fig. 3d). In contrast, at the same fluorine atom con-
centration, MOC-F exhibited significantly enhanced imaging
performance, with signal intensity increasing regularly with
the sample concentration gradient, demonstrating clear con-
centration dependence. Based on this dose-response relation-
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ship, the detection limit of MOC-F for '°F nuclei under the
experimental conditions was determined to be below
10.8 mM. These results conclusively demonstrate that MOC-F
is a high-performance '°F MRI contrast agent. Combined with
the previously described 'H MRI imaging performance, it is
confirmed that MOC-F successfully achieves 'H/*°F dual-
modal MRI in vitro experiments. Furthermore, this nanoprobe
exhibits excellent water solubility and high relaxation
efficiency. These characteristics collectively provide a solid
foundation for its further application in biomedical imaging.
To further evaluate the MRI performance of this nanoprobe
in biological systems, in vivo imaging experiments were con-
ducted in mice. All animal procedures were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, USA) and were
approved by the Animal Ethics Committee of Shanghai Jiao
Tong University (No. 202601056). Prior to in vivo experiments,
the cellular biocompatibility of both MOC and MOC-F was
evaluated. The methylthiazol-2-yl-tetrazolium (MTT) assay
demonstrated that HK-2 cells essentially maintained a viability
rate exceeding 80% after 24 h of incubation, even at high
probe concentrations, indicating negligible cytotoxicity
(Fig. 4a). To assess potential long-term cytotoxicity, we con-
tinuously monitored HK-2 cell viability at 36 or 48 h post-
probe treatment via MTT assay. The results showed that HK-2
viability remained consistently around 80% (Fig. S25), indicat-
ing no significant long-term toxicity from the probe. To evalu-
ate the probe’s labeling efficiency and cellular uptake rate, we

Fig. 4 (a) The impact of MOC (the concentration range is 0—1.2 mM, corresponding to 0-22.2 mg mL™ ) and MOC-F (the concentration range is
0-1.2 mM, corresponding to 0-25.8 mg mL™) on HK-2 cell viability assessed using the MTT assay. Cellular uptake of MOC (b) and MOC-F (c) in
HK-2 cells. (d) The evaluation of the biocompatibility of MOC and MOC-F through H&E staining of major organs.

This journal is © The Royal Society of Chemistry 2026
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quantitatively measured intracellular copper content using
inductively coupled plasma optical emission spectroscopy
(ICP-OES) to determine cellular uptake of MOC and MOC-F.
The results showed a linear increase in probe uptake over time
until removal at 12 hours, followed by a gradual decline in con-
centration (Fig. 4b and c). For MOC-F, each cell contained
approximately 2.7 x 10" *°F nuclei after 12 h incubation, and
this level remained at 2.3 x 10" *°F nuclei per cell 8 hours after
the medium replacement. This indicates sufficiently prolonged
intracellular retention of the probe, which is crucial for future
MRI-based long-term in vivo cell tracking. To evaluate the bio-
compatibility of MOC and MOC-F in the major mouse organs
including lung, liver, spleen, kidneys, and heart, mice received
intravenous injections of MOC or MOC-F solutions (the concen-
tration of MOC is 1.2 mM, corresponding to 22.2 mg mL ", and
the concentration of MOC-F is also 1.2 mM, corresponding to
25.8 mg mL "), with samples collected two days post-injection.
Tissue sections were examined after hematoxylin and eosin
(H&E) staining. As shown in Fig. 4d, all organs in the three
groups exhibited structurally uniform histomorphology without
obvious damage. This multi-level experimental evidence,
ranging from in vitro cells to in vivo tissues, collectively supports
the excellent biosafety of MOC and MOC-F probes under the
described experimental protocols, thereby enabling subsequent
in vivo imaging studies.

To systematically evaluate the in vivo imaging efficacy of the
developed nanoprobe, we conducted MRI experiments using a
C57BL/6 mouse model. A 200 pL PBS solution of the MOC-F
probe (1.2 mM, equivalent to 25.8 mg mL ™", corresponding to
86.4 mM '°F) was subcutaneously injected into the right hind-
limb of the mice, while the left hindlimb received 200 pL PBS
solution of MOC (1.2 mM, equivalent to 22.2 mg mL™") as the
control group (Fig. 5a). Subsequently, 'H and '°F MRI scans

(3) Hypodermic injection TH/'°F MRI

-

>

MOC-F

(b) 1H MRI 19F MRI

f§

In vivo imaging using MOC and MOC-F probes. (a) Schematic of
dual-modality imaging experiments. (b) H, *°F, and fused magnetic
resonance imaging spectra corresponding to injected mice after sub-
cutaneous injection of 200 pL 1.2 mM MOC (22.2 mg mL™%) and 200 pL
1.2 mM MOC-F (25.8 mg mL™, corresponding to 86.4 mM °F) into
designated sites.

Fig. 5
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were performed. The results demonstrated significant "H MRI
signal enhancement at both injection sites, indicating that the
probe effectively enhances water proton relaxation in vivo.
Furthermore, only the MOC-F-injected right hindlimb exhibi-
ted an intense '’F MRI signal (Fig. 5b), confirming MOC-F
retains '°F imaging capability within living tissue. These find-
ings confirm the success of our research strategy: Cu>* simul-
taneously modulates 'H and 'F relaxation processes to
enhance dual-modal MRI signals. Moreover, the MOC-F probe
demonstrates excellent imaging performance in vivo, combin-
ing high "H MRI resolution with high 'F MRI specificity.
Furthermore, the probe exhibits good biocompatibility and
stability in vivo, with sufficient signal intensity for clear
imaging.

3. Conclusions

This study successfully developed a dual-modality *H/*F MRI
probe, MOC-F, based on a metal-organic cage (MOC) featuring
an atomically precise structure. MOC-F integrates 72 equi-
valent fluorine atoms within a single water-soluble cuboctahe-
dral framework, achieving a fluorine content of 6.36 wt%. By
harnessing the inherent paramagnetism of its Cu** nodes,
MOC-F exhibits high longitudinal relaxivities for "H (r; =
25.96 mM ' s7') and "°F (r; = 0.261 mM ' s7') at 0.5 T, along
with an excellent T,/T; ratio (>0.86), enabling efficient T;-
weighted imaging for both nuclei. This achievement under-
scores the unique value of supramolecular assembly strategies
in constructing high-performance imaging probes—retaining
the precise controllability of small molecules while incorporat-
ing the exceptional properties of nanomaterials. Compared to
conventional '’F MRI probes, MOC-F successfully overcomes
the inherent trade-offs present in existing platforms. Unlike
perfluorocarbon-based probes that require encapsulation and
often exhibit complex multi-peak spectra, MOC-F possesses
excellent water solubility and provides a single °’F NMR signal.
In contrast to fluorinated polymers and inorganic nano-
particles that typically lack intrinsic "H MRI capability or
require specialized sequences (e.g., UTE), MOC-F offers
inherent synergistic dual-mode contrast. Its well-defined archi-
tecture further enables accurate structure-property corre-
lations. As shown in SI Table S5, while MOC-F does not
surpass all previous studies on any single metric, it achieves
an optimal balance across multiple key performance para-
meters, validating its potential as a next-generation '°F probe
platform.

The successful development of MOC-F not only provides a
novel strategy to overcome the sensitivity limitations of conven-
tional *°F MRI probes but also highlights the immense poten-
tial of metal-organic cages in biomedical applications. Its
excellent compatibility with clinical MRI equipment lays a
solid foundation for practical translation. Looking ahead, this
study pioneers a new pathway for precisely regulating nano-
probe performance and investigating structure-property
relationships through supramolecular design. Leveraging the

This journal is © The Royal Society of Chemistry 2026
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platform’s modularity, targeted functionality can be intro-
duced by modifying the organic ligands—for instance, conju-
gating peptides or small molecules (such as RGD peptides or
folate) to the cage periphery without disrupting its core archi-
tecture. Alternatively, biotin-streptavidin interactions or click
chemistry can be employed to link antibodies or aptamers,
enabling active targeting of specific disease biomarkers.
Further optimization of the probe’s targeting capabilities and
pharmacokinetic properties holds promise for significant con-
tributions to precision disease diagnosis and therapeutic
monitoring, ultimately accelerating the clinical translation of
imaging probes.
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