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Metal-organic cages (MOCs) are emerging as pivotal components in the design of innovative magnetic resonance imaging (MRI)
contrast agents. This study introduces a novel, water-soluble metal-organic cage, K;,[Fe,L,], synthesized using a co-planar
triangular ligand, N-{4-[4,6-bis(4-{[(2,3-dihydroxyphenyl)carbonyl]amino}phenyl)-1,3,5-triazin-2-yl]phenyl}-2,3-dihydrox-
ybenzamide (H¢L). This cage represents the first instance of a gadolinium(IIl)-free M,L, structure optimized for 7;-weighted
imaging. We provide a detailed analysis of its structural attributes, aqueous stability, magnetic properties, and host-guest
interactions. Relaxometric evaluations in vitro reveal that K,,[Fe,L,] significantly elevates the longitudinal relaxivity of water
protons, achieving a relaxivity of 5.41 mM ' s ' at 33 °C and 0.5 T. This enhancement increases to 9.24 mM ' s in the presence
of human serum albumin (HSA), indicating potent interaction dynamics with binding constant (X,) of (6.1 + 1.4) x 10° M.
Comparative studies highlight that even at low doses of 0.010 mmol kgfl, K ,[Fe,Ly] surpasses the imaging efficacy of the
commercial agent ProHance, while also demonstrating prolonged in vivo retention suitable for extended diagnostic procedures.
These findings not only underscore the utility of ML, cages in T}-weighted MRI but also lay foundational insights for the
development of multinuclear, gadolinium(IIl)-free contrast agents, paving the way for safer and more effective diagnostic
imaging solutions.

tetrahedral metal-organic cages, MRI contrast agents, 7;-weighted imaging, gadolinium(III)-free agents, host-guest
interactions, magnetic properties

Chen YX, Qiu MS, Hu JS, Yue HL, Yu M, Chen SZ, Zhou X, Tao J. Insights into host-guest interactions and enhanced MRI contrast applications of
water-soluble tetrahedral metal-organic cages. Sci China Chem, 2025, 68, https://doi.org/10.1007/s11426-024-2574-x

Citation:

1 Introduction

Magnetic resonance imaging (MRI) contrast agents are es-
sential for improving diagnostic accuracy in a wide range of
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clinical applications [1,2]. Traditional T;-weighted MRI
contrast agents, primarily hydrophilic metal-based chelates,
enhance image contrast by modulating the relaxation times
of bulk water molecules (Scheme 1) [1,3]. The efficacy of
these agents is significantly influenced by the paramagnetic
properties of the metal ions they contain. Specifically, the
effectiveness of paramagnetic-induced 7 relaxation corre-
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Scheme 1

lates directly with the spin quantum number (S) of the metal
ion, with commonly used metals including Gd(III) (S = 7/2)
[4], and high-spin Fe(III) (S = 5/2) [5] and Mn(II) (S = 5/2)
[6]. Among these, Gd(III)-based contrast agents (GBCAs)
are the most extensively used due to their exceptional ima-
ging capabilities. This superior performance is largely due to
Gd(II)’s long electronic relaxation time (z.), which occurs
on the scale of nanoseconds and is enhanced by its sym-
metric electronic ground state. This characteristic facilitates
efficient nuclear 7 relaxation, rendering GBCAs particularly
effective in clinical imaging. However, the widespread
adoption and generally accepted safety of GBCAs have been
challenged by emerging concerns over their potential ad-
verse effects. A seminal study in 2006 linked GBCAs to
nephrogenic systemic fibrosis (NSF), a rare yet severe con-
dition, in patients with renal dysfunction [7,8]. More re-
cently, investigations have identified residues of Gd(IIl) in
the brains of patients post-MRI, highlighting significant
worries regarding the long-term retention of this non-en-
dogenous element [9]. These discoveries have catalyzed a
critical evaluation of GBCAs and underscored the imperative
need to explore alternative contrast agents that do not rely on
Gd(III), aiming to mitigate potential risks while maintaining
diagnostic efficacy.

Iron, an abundant and biologically integral metal, emerges
as a promising candidate for the development of Gd(I1I)-free
MRI contrast agents. Preliminary research has concentrated
on mononuclear Fe(III) macrocyclic complexes, demon-
strating that high-spin Fe(III) can be stabilized under the
reducing conditions of biological systems through meticu-
lous ligand design [10,11]. However, these Fe(IlI)-based
agents often show longer water relaxation times in solution
compared to their Gd(III) counterparts, yielding suboptimal
in vivo contrast [12]. This diminished effectiveness pri-
marily arises from a reduced number of unpaired electrons
and shorter 7, [ 1]. To overcome this challenge, enhancing the
number of metal ions within the contrast agent has been
proposed. Notably, dinuclear Fe(IIl) complexes, inter-
connected by benzene rings, have exhibited a 2- to 3-fold
improvement in proton relaxation rates [13]. While this
strategy holds potential, it also introduces complexity in
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(Color online) Examples of Fe(Ill)-based T)-weighted contrast agents.

ligand synthesis and may adversely affect the water solu-
bility of the complexes [14]. These factors present sig-
nificant hurdles in the development of efficient multinuclear
Fe(IlI)-based MRI contrast agents, requiring innovative
solutions to balance efficacy with practical application
constraints.

Metal-organic cages (MOCs) are intricate self-assembled
structures formed by coordinating metal ions with organic
ligands [15-21]. These cages typically incorporate multiple
metal centers and are constructed using ligands that are re-
latively simple to synthesize [22]. The internal cavities of
MOC:s facilitate a rich host-guest chemistry, making them
versatile platforms for a range of functional applications,
including their potential as multinuclear and multifunctional
MRI contrast agents [23]. Despite their promising attributes,
the development of water-soluble and aqueous-stable MOC's
suitable for MRI applications presents a formidable chal-
lenge. Current research in this area is still in its infancy, with
only a limited number of studies reported [24,25]. In a
pioneering study, Morrow’s group [25], inspired by Ray-
mond’s tetrahedral Fe L4 cage [26,27], introduced the first
and only MOC that functions as a 7;-weighted MRI contrast
agent, demonstrating excellent in vivo tumor imaging per-
formance.

The structural design of MOCs, such as the choice between
triangular and linear ligands, crucially impacts their stability
and functionality. Edge-sealed ML, cages with linear li-
gands typically show reduced stability due to less effective
cooperative binding mechanisms. In contrast, face-capped
M,L, cages, which require multiple bond disruptions for li-
gand dissociation, demonstrate enhanced robustness [28].
Furthermore, the open cavities of M L, cages allow the ac-
commodation of larger guest molecules but also feature
wider channels that may lead to faster guest exchange, po-
tentially diminishing the retention of functional molecules.
Dmochowski’s group has utilized this property to achieve
innovative designs, employing a paramagnetic organocobalt
capsule with xenon host-guest chemistry to achieve hyper-
CEST [29]. On the other hand, M L, cages, with their face-
capped triangular panels, foster extensive non-covalent in-
teractions between the host and guest, leading to slower
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exchange rates. This characteristic is vital for stabilizing
guest molecules, rendering MyL, cages particularly bene-
ficial for applications requiring sustained molecular reten-
tion, such as drug delivery.

In this study, we detail the synthesis and characterization
of two novel face-capped M, L, cages, where M represents
Fe(IIT) or Ga(Ill). These cages are constructed using N-{4-
[4,6-bis(4-{[(2,3-dihydroxyphenyl)carbonyl]amino}phe-
nyl)-1,3,5-triazin-2-yl]phenyl}-2,3-dihydroxybenza-mide
(HeL) as the ligand. The ligand’s tri-catechol moieties sig-
nificantly enhance the structural stability and water solubility
of the Fe,L, cage. The core of the ligand, consisting of a
central triazine unit and three attached benzene rings, forms a
conjugated C;-symmetric pseudo-coplanar structure, which
acts as the face panel in these ML, cages. This configuration
is pivotal for maintaining the integrity of the cage and op-
timizing its functionality as an MRI contrast agent. Fur-
thermore, the internal cavity of each cage offers a versatile
platform for additional functionalization, permitting mod-
ifications that tailor the cage’s properties for specific ima-
ging applications. Extensive evaluations of the solution
stability, magnetic properties, host-guest chemistry, and both
in vitro and in vivo imaging capabilities have been con-
ducted. The results highlight the crucial role of structural
design in optimizing these MOCs for T;-weighted MRI ap-
plications. To our knowledge, this research represents the
first instance of utilizing an ML, cage as an MRI contrast
agent, paving the way for the development of multinuclear,
multifunctional non-GBCAs.

2 Results and discussion

2.1 Syntheses and structural characterization

The synthesis of ligand started with the condensation reac-
tion between the amino precursor and the acyl chloride
precursor, yielding MegL (Figures S1 and S2 for NMR
spectra, Supporting Information online). This intermediate
was subsequently demethylated to form HgL (Figures S3—S5
for nuclear magnetic resonance (NMR) spectra and mass
spectra) by treatment with an excess of BBr; at =78 °C under
a nitrogen atmosphere (Scheme S1, Supporting Information
online). The MOCs were then synthesized by reacting
4 equiv. of H,L with 4 equiv. of M(acac); (where M = Fe or
Ga) and 12 equiv. of KOH in a 1:1 methanol/water mixture.
This reaction produced a reddish-brown or yellow mixture,
depending on the metal ion used. Following centrifugation to
separate insoluble impurities, the solvent was removed under
reduced pressure, yielding the crude product. This crude
product was subsequently redissolved in a methanol-water
mixture and subjected to purification through precipitation
with ether. The final product, obtained as a black or yel-
lowish powder, is designated as K;,[Fe,L,] or K,[Ga,L,],
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Figure 1 (Color online) (a) Self-assembling of HgL with Ga(Ill) or
Fe(I1D); (b) ESI(—)-TOF-MS of Fe,L, with the inset showing the observed
and simulated isotopic patterns of the —2 peak. (c) 'H NMR spectrum
(700 MHz, D,O/dimethyl sulfoxide (DMSO-dy) = 9:1, 298 K) of (NEt,),,-
[Ga,L,] with inset showing the details of the aromatic region; (d) DOSY
spectrum of (NEt,);,[GasL,].

respectively, as illustrated in Figure la and detailed in
Scheme S2. Additionally, the (NEt,),,[Ga,L,] analogue was
synthesized via a similar protocol with the addition of
12 equiv. of NEt,Cl. The formation of this complex was
confirmed by 'H NMR analysis (see below).

The purity of the product was confirmed using three
complementary analytical techniques: inductively coupled
plasma optical emission spectroscopy (ICP-OES), which
showed 96% Fe content; high-resolution mass spectrometry;
and electron paramagnetic resonance (EPR) spectroscopy
(Section 2.2). High-resolution electrospray ionization time-
of-flight (ESI-TOF) mass spectrometry of K,[Fe,L,] in so-
lution revealed molecular ion peaks for {KH(H,Z)[Fe4L4]}Zf
with charge states ranging from 2 to 5 (Figure 1b). The H
NMR spectrum of K;,[Fe,L,] exhibited no discernible fea-
tures, a common characteristic for high-spin Fe(IIl) com-
plexes, which typically exhibit severe line broadening. This
effect is attributed to rapid proton relaxation driven by
paramagnetic relaxation enhancement (PRE) (Figure S6).
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Given the challenges associated with the paramagnetic nature
of high-spin Fe(Ill), Ga(Ill) was selected as a suitable dia-
magnetic analog for comparative studies due to its similar
physical properties, such as an almost equivalent octahedral
ion radius (0.620 A for Ga’" versus 0.645 A for high-spin
Fe%) and comparable electron affinity and ionization poten-
tials (30.71 and 64 ¢V for Ga’", respectively, versus 30.65 and
54.8 eV for high-spin Fe“) [30]. Consequently, the diamag-
netic congener (NEty),,[Ga,L,] was synthesized using NEt,”
as both a templating agent and counter cation. This facilitated
detailed NMR spectroscopic studies aimed at elucidating the
solution structural characteristics of the M L, cages.

The 'H NMR spectra of K;,[Ga,L,] and (NEt,);,[Ga,L,]
depicted in Figure S7 and Figure Ic, respectively. Figure 1c
exhibits seven distinct resonances within the aromatic region,
indicative of a highly symmetrical molecular structure. To
confirm the uniformity of the species in solution, 'H diffu-
sion-ordered spectroscopy (IH DOSY) spectroscopy was
conducted. The DOSY results showed identical diffusion
coefficients for all aromatic resonances, corroborating the
formation of a single, symmetric species (Figure 1d). The
hydrodynamic diameter, calculated using the Stokes-Einstein
equation [31], was determined to be 36.6 A. This measure-
ment is consistent with its crystal structure dimensions
(~23 A) (see below). Further structural insights were obtained
through 'H-'H COSY and 'H-'H nuclear Overhauser effect
spectroscopy (IH-IH NOESY) spectroscopies (Figures S8
and S9). Notably, the proton signals from the benzene ring
linked directly to the central triazine ring displayed splitting.
This observation suggests a propeller-like arrangement of the
three benzene rings, where aromatic protons facing outward
and inward experience distinct chemical environments. The
spatial interactions captured in the 'H-'H NOESY spectrum,
particularly between protons resonating (J) at 8.85 ppm
(doublet) and 6.79 ppm (doublet), as well as 8.47 ppm
(doublet) and 7.69 ppm (doublet), provide compelling evi-
dence for the formation of the M,L, cage structure.

The '"H NMR spectrum reveals a distinct distribution of
NEt,” counterions within the upfield region (Figure lc),
where the twelve counterions split into two groups at a ratio
of 11:1. The predominant group of NEt, ions exhibited
peaks at ¢ = 2.49 ppm (quartet) and 0 = 0.72 ppm (triplet),
while a minor set was substantially shifted upfield, appearing
at 6 = 0.18 ppm (multiplet) and 0 = —1.49 ppm (triplet).
According to the literature, these specific resonances and
their integrations are indicative of the encapsulation of NEt,"
counterions by the cage host [27], where the upfield shift in
the NEt, resonances can be attributed to shielding effects
from the aromatic ring currents of the cage facets [32].
Moreover, the -CH,— resonances of the encapsulated NEt,"
do not present as a simple quartet; instead, they appear as a
complex multiplet, suggesting that the —CH,— groups are
rendered diastereotopic within the chiral environment of the
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cage. This spectral feature provides strong evidence that the
cage assembly is homochiral, exhibiting either all A or all A
coordination at the metal vertices. This arrangement leads to
a molecular symmetry consistent with the pure rotation
group 7, indicative of a racemic mixture of AAAA and
AAAA cages. These findings align with the molecular
symmetry observed in the single-crystal structure analysis
(see below).

Despite repeated attempts, suitable single crystals of Fe,L,
for X-ray diffraction analysis could not be obtained. How-
ever, yellowish block crystals of (NEt,),,[Ga,L,] were suc-
cessfully grown via slow evaporation of a saturated
methanolic solution, allowing for detailed structural analysis.
Single-crystal X-ray diffraction (SCXRD) unambiguously
confirmed the structural identity of the M L, cage, which
crystallizes in the triclinic space group R3. In the crystal
structure, four Ga(Ill) centers are tetrahedrally bridged by
four ligands, each forming a face of the tetrahedron with a
C;-symmetric arrangement (Figure 2). The asymmetric unit
reveals that each Ga(Ill) center is coordinated by six oxygen
atoms from the catechol groups, forming a pseudo-octahe-
dral [GaOg] coordination geometry, which exhibits two pairs
of enantiomers with individual cage exhibiting an AAAA or
AAAA conformation. The structure features significant dis-
tortions from planarity among the catecholamides, despite
hydrogen bonding interactions between the amide protons
and the phenolic oxygens, which accommodate the trigonal
prismatic coordination geometry around the Ga(IIl) centers.
The intermetallic distances range between 17.5 and 17.8 A,
placing the overall dimension of the cage within the nan-
ometer scale. The central cavity volume of the cage, calcu-
lated to be 264.8 A”, is smaller than the 315.9 A’ observed in
the ML cages assembled with edge-bridged ligands re-
ported by Raymond et al. [25] (Figure S10). The face-capped
ligand arrangement nearly completely encloses the cage’s
cavity, accommodating a NEt,  counterion. Furthermore, the
phenyl rings of each ligand are slightly tilted relative to the
coplanarity with the central triazine ring, creating a pro-
peller-like arrangement with average dihedral angles of
about 4.2°. This configuration positions phenyl protons from
adjacent tetrahedral panels into close proximity (dygp-pgo =
2.700 A, diyg;.-1190 = 3.600 A) (Figure S11), corroborating the
nuclear Overhauser effect (NOE) interactions observed in
the NMR study (Figure S9). It should be noted that Ray-
mond’s group reported a coordination cage with a similar
structure, where the ligand’s central aromatic ring was a
benzene ring instead of a triazine ring; however, a crystal
structure was not obtained in their case [33].

2.2 Magnetic properties

To further understand the magnetic characteristics of the
Ki,[Fe,L,] cages, we commenced with an analysis of the
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Figure 2 (Color online) Crystal structure of (NEt);,[Ga,L,] at 100 K.
Cations and lattice solvent molecules were omitted for clarity. Color code:
C, gray; H, white; N, blue; O, red; Ga, dark salmon.

solid-state magnetic susceptibility. At 300 K, the magnetic
susceptibility (yu7) was measured to be 15.5 cm’ mol ' K,
aligning with expectations for a tetrahedral cage containing
four non-interacting high-spin Fe(IlI) metal centers (theo-
retical spin-only y\T value for each S = 5/2 Fe(Ill) ion is
4375 cm’ mol ' K) (Figure S12) [34]. Additionally, the
magnetic moment of K,,[Fe,L,] in solution was quantified
using Evans’ method, yielding a magnetic moment (i) of
5.4 ug per Fe(Ill) ion (Figure S13). This suggests the pre-
servation of the high-spin state of Fe(Ill) in the solution
environment. To probe the spin-state identity of the Fe(III)
centers within K,,[Fe,L4] further, EPR spectroscopy was
employed. The EPR spectrum of a 1 mM solution of
K,[Fe,L,] in a 10:1 mixture of water and glycerol at 100 K
displayed an anisotropic asymmetric signal at g = 4.25, ac-
companied by a weak transition at g ~ 9.6 (Figure 3). These
signals are indicative of the middle and upper Kramer’s
doublets in the low-field limit and can be modeled success-
fully by a § = 5/2 species with thombic symmetry (D =
0.0676 cm ', E = 0.0166 cm ', E/D = 0.24), typical for
Fe(Ill) catecholate complexes in a tris-coordination en-
vironment, [Fe(cat)3]37 [35]. The broad features observed in
the EPR spectrum necessitated the introduction of D-strain
parameters, suggesting that the dynamic ‘breathing’ of the
cage framework, induced by collision or hydrogen bonding
with solvent molecules, leads to random distortions in the
coordination geometry around the Fe(IIl) centers. This re-
sults in a distribution of D and E values. Notably, the absence
of splitting features around g =~ 4.25 supports the lack of
Fe(Ill) bis-catecholate impurities, which would typically
arise from ligand dissociation.
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Figure 3 (Color online) EPR spectrum of K,,[Fe,L,] in a 10:1 mixture of
water and glycerol at 100 K. Fitting parameters: g (average) = 1.97049,

Gaussian line broadening = 2.46408 mT, D = 0.06755 em ', E =

0.01660 cm ', D-strain = 0.02665 cm ', E-strain = 0.002637 cm .

2.3 Aqueous stability

The ultraviolet-visible (UV-vis) spectroscopy of K,,[Fe,L,]
revealed a distinct ligand-to-metal charge transfer (LMCT)
band at 501 nm with a molar extinction coefficient of 13,450
M ' em™". This LMCT band is characteristic of tri-catecho-
late Fe(III) complexes and aligns with data reported in prior
studies. To assess the stability of K,,[Fe,L,] under physio-
logical conditions, we monitored changes in the LMCT band
upon exposure to excess human serum albumin (HSA), Zn™,
or ethylenediaminetetraacetic acid (EDTAZ_) in 2-[4-(2-hy-
droxyethyl)piperazin-1-yl]ethane-1-sulfonic acid (HEPES)
or phosphate buffer saline (PBS) buffer solutions at pH 7.4
and 37 °C over periods of 12 and 24 h. The results, depicted
in Figures S14-S17, demonstrate no significant alterations in
the UV-vis spectra, underscoring the exceptional aqueous
stability of K;,[Fe,L,]. In addition, the K,,[Fe,L,] complex
exhibited acid/base stability in aqueous solution, maintaining
its structural integrity under both basic and mildly acidic
conditions (Figure S18). This stability is crucial for potential
in vivo imaging applications. Further insights into the sta-
bility of MOCs were drawn from work by Nitschke and
colleagues, who established a positive correlation between
ligand topicity and the aqueous stability of these structures
[36]. The tritopic ligand system employed in K,,[Fe,L,], in
comparison to the ditopic ligand system developed by Ray-
mond, is hypothesized to confer enhanced stability. This
enhancement is attributed to the increased binding co-
operativity of the tritopic ligand, where dissociation ne-
cessitates the disruption of a greater number of coordination
bonds.

Redox stability is pivotal for Fe(IlI)-based MRI contrast
agents due to their propensity to participate in redox reac-
tions with biologically relevant reductants such as ascorbic
acid and glutathione [37]. These reactions can reduce high-
spin Fe(III) to Fe(Il), resulting in a marked decrease in MRI
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contrast efficacy due to the shorter electronic relaxation
time of Fe(Il). Additionally, this reduction process can in-
itiate harmful Fenton chemistry, which poses further chal-
lenges for clinical use [38]. To investigate the redox
behavior of K,,[Fe,L,], cyclic voltammetry was conducted
on an aqueous solution of the cage. The voltammogram
displayed a single quasi-reversible redox process at £, =
174 mV versus normal hydrogen electrode (NHE) (Figure
S19), which is attributed to the Fe(II)/Fe(III) redox couple.
The observation of only one set of redox peaks suggests the
absence of effective electronic communication among the
Fe(III) centers, corroborating the findings from EPR spec-
troscopy and solid-state magnetic measurements. This iso-
lation between the Fe(II) centers likely contributes to the
stability of the redox state under physiological conditions.
To further assess the redox stability, we utilized the ascorbic
acid test [39], a method involving the addition of excess
ascorbic acid to the complex solution while continuously
monitoring the characteristic absorption changes of ascor-
bic acid at 265 nm and the absorption of the complex via
UV-vis spectroscopy. Our experiments demonstrated that
the absorption of K;,[Fe,L,] remained relatively stable,
showing negligible changes over an extended period of 24 h
in the presence of 10 equiv. of ascorbic acid (Figure S20).
This indicates that K ,[Fe,L,] maintains its structural in-
tegrity in a reducing environment, a property vital for
in vivo imaging applications. The robust redox stability of
K,[Fe,L,] cannot be rationalized by the relatively positive
E, ), of its Fe(I)/Fe(II) redox couple, which is indicative of
the complex’s susceptibility to reduction. The unique co-
ordination environment provided by the tri-catecholate
moieties, in conjunction with the structural constraints
imposed by the tetrahedral cage, likely contributes to a high
reorganization energy associated with the redox process,
which in turn renders it kinetically slow.

2.4 Host-guest chemistry exhibited by K,;,[Ga L]

A pivotal aspect of this study involves exploiting host-guest
interactions to develop multifunctional MRI contrast agents.
Given the paramagnetic nature of K,,[Fe,L,], which com-
plicates NMR analysis, binding studies in aqueous solutions
were conducted using the diamagnetic analogue, K,,[Ga,L,].
This strategy facilitated detailed NMR investigations. Si-
milar anionic M(III) catecholate tetrahedral cages have de-
monstrated a propensity to bind cationic guests such as
alkylamines and organometallic compounds through robust
cation-m interactions, while their capacity to encapsulate
neutral guests is notably more limited [40]. Initial experi-
ments with simple neutral molecules like cyclohexane and
(R)-limonene yielded two distinct sets of NMR signals
(Figures S21 and S22), indicating that these guests experi-
enced significant shielding effects within the cage cavity,
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leading to an upfield shift in NMR resonances. This en-
capsulation was corroborated by 'H DOSY NMR, where
both guest and host were observed to diffuse at the same rate,
highlighting the effective encapsulation within the cage
(Figures S23 and S24). However, tetrahedrally shaped mo-
lecules such as adamantane did not exhibit encapsulation.
Additionally, other neutral molecules such as naphthalene,
azobenzene derivatives, tetrahydrofuran, and 2-for-
mylpyridine showed no signs of cage entry. These findings
suggest that guest permeability is determined by a combi-
nation of factors such as hydrophobicity, shape com-
plementarity between the cavity and the guest, and favorable
cage-guest interactions. Inspired by Fujita’s pioneering work
on the encapsulation of fluorinated guests by metallocages,
we hypothesized that similar methodologies might enhance
the potential for dual-modality (lH/lgF) MRI applications.
Consequently, a variety of fluorine-substituted aromatic and
aliphatic molecules, both hydrophilic and lipophilic, were
tested. Despite these efforts, these molecules failed to ef-
fectively access the hydrophobic cavity of K;,[Ga,L,], likely
due to insufficient host-guest interactions (Figure S25). This
limitation could be attributed to the smaller cavity size within
our cages, which may not favor the aggregation of multiple
fluorine molecules through fluorophilic interactions, a key
driving force in successful encapsulation scenarios [41,42].

The encapsulation of the 2,2,6,6-tetramethylpiperidinyl-1-
oxide (TEMPO) radical presents a particularly compelling
aspect of our study. The paramagnetic nature of TEMPO
typically leads to the broadening of NMR signals, compli-
cating the direct confirmation of encapsulation using 'H
NMR alone (Figure S26). However, host-guest interactions
between organic radicals and the cage can often be inferred
from alterations in EPR spectroscopy signals. As illustrated
in Figure 4a, adding K,,[Ga,L,] to an aqueous solution
containing TEMPO resulted in a progressive decrease in
EPR signal intensity. This reduction in intensity, attributed to
line broadening, indicates a slower tumbling motion of the
encapsulated guest within the cage [43]. Furthermore, the
introduction of a stronger binding guest, such as NEt, ", led to
the complete recovery of the EPR signal intensity, suggesting
competitive binding that displaces the encapsulated TEMPO.
The binding affinity of TEMPO to K,,[Ga,L,] was quanti-
tatively assessed using isothermal titration calorimetry
(ITC), yielding a binding constant of 3.30 % 10°M! (Figure
4b, c). Nitrogen oxide radicals, including TEMPO, have
been explored as potential MRI contrast agents due to their
unique electronic properties [44—47]. However, these radi-
cals are typically rapidly reduced to diamagnetic hydro-
xylamines in vivo, with a half-life of only a few minutes
[48,49]. This reduction behavior can be significantly influ-
enced by the local chemical environment, which the cage
structure is poised to modulate [50]. Therefore, our future
research will concentrate on investigating how encapsulation
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Figure 4 (Color online) (a) EPR spectra of TEMPO (top), TEMPO and
K,[Ga,L,] (middle), and adding NEt,Cl to a TEMPO and K,,[Ga,L,]
mixture (bottom) in water; TEMPO concentration: 2 x 10° M, K 5[Ga,L,]
concentration: 5 x 10”* M, and NEt,ClI concentration: 8 x 10° M; the ITC
experiment involved titrating a 5.0 mM K,,[Ga,L,] solution into a 0.5 mM
TEMPO solution. (b) Raw data for sequential 25 injections (2 uL per in-
jection) and (c) the apparent reaction heat is derived from integrating ca-
lorimetric traces.

within K ,[Ga,L,] impacts both the stability and MRI con-
trast efficacy of TEMPO.

2.5 In vitro relaxometric studies

The relaxivity (r;) of K,[Fe,L,] was evaluated under mag-
netic fields of 0.5 and 9.4 T, at temperatures of 32 and 22 °C
respectively. The cage exhibited excellent proton relaxivity
values of 5.41 mM 's 'at0.5 T, 32°C and 5.51 mM 's ' at
9.4 T, 22 °C. When normalized per iron atom, K;,[Fe,L,]
demonstrated a relaxivity of 1.28 mM s at 0.5T, 32 °C,
reflecting a 45% and 18% enhancement compared to
mononuclear FeL', (0.88 mM sfl) and dinuclear Fe,L’
(1.07mM 's ') complexes with catecholate ligands, re-
spectively, as detailed in Table S1 (Supporting Information
online) [24]. For comparison, Fe4L36, another cage used as a
T\-weighted contrast agent, reported r; values of
572mM 's ' at 1 T,83mM 's ' at 1.4 T and 33 °C, and
8.7mM 's ' at4.7 T and 37 °C, which are higher than those
of K,[Fe,L,] under similar conditions likely due to differ-
ences in field strength and temperature conditions. More-
over, when compared to mononuclear iron(IIl) complexes
with chelating ligands, such as EDTA (1.17mM 's ),
{CDTA (227 mM 's '), and BPCDTA (1.56 mM ' s ), the
normalized relaxivity of K;,[Fe,L,] remains comparable
[51]. Recent studies suggest that optimizing parameters like
electron spin relaxation (z.), rotational correlation time (zz),
and second coordination sphere state could theoretically
enhance the relaxivity (r;) of Fe(Ill) complexes in magnetic
fields exceeding 3.0 T. [39] However, at a high field strength
of 9.4 T, K,[Fe,L,] does not demonstrate this anticipated
increase in relaxivity. Instead, the relaxivity normalized to
each iron atom declines to 1.38 mM ' s .
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When evaluating K ,[Fe,L,] as a potential Gd(III)-free
alternative, it is essential to compare its performance with
established GBCAs. For instance, Magnevist (Gd-DTPA), a
clinical contrast agent, exhibits an 7, 0f4.27 mM 's™', which
is higher per iron atom compared to K,[Fe,L,] [52]. How-
ever, considering the entire K,[FesL,] molecule, which
contains four iron atoms, the »; value reaches 5.51 mM s
at a lower field, surpassing that of Magnevist. Despite these
comparisons, GBCAs retain advantages, particularly at
higher relaxivities. Gianolio’s group reported that Gd-L*
displays an r, of 7.1 mM 's at 0.5 T, which further in-
creases to 26.5mM 's ' upon HAS [53]. Moreover, the
unique structure of K,[Fe,L,], with its four Fe(IIl) centers
coordinated by three catecholate ligands, results in a closed
coordination sphere that lacks bound water molecules (¢ =
0). This structural arrangement indicates that the relaxivity of
Ki,[Fe,L,] is primarily derived from outer-sphere water in-
teractions, contrasting with the inner-sphere contributions
typically observed in GBCAs.

A key advantage of K;,[Fe L] lies in its favorable relax-
ivity (7;) properties, which are further amplified by a re-
duction in the tumbling rate following protein binding. This
enhancement is possibly facilitated through cation-n inter-
action, recognized as one of the strongest non-covalent in-
teractions [40]. Recently, Gianolio et al. [53] explored the
application of this particular mechanism of action in the
domain of magnetic resonance contrast agents, utilizing a
macrocyclic Gd-HPDO3A derivative functionalized with
trisulfonated pyrene. Despite the trisulfonated pyrene im-
parting three negative charges to the agent, the mechanism of
action remains the cation-m interaction between the amino
residues in HSA and the pyrene ring. The crystal structure
analysis of K;,[Fe,L,] reveals that the four six-membered
rings of the face-capped ligand of the cage are nearly planar,
creating a substantial conjugation plane conducive to cation-
n interactions. Dynamic light scattering (DLS) measure-
ments indicated that the hydrodynamic of HSA in PBS buffer
at pH of 7.4 was (7.5 £ 1.0) nm, aligning with previously
reported literature values [54]. Upon mixing with K ,[Fe,L,],
the hydrodynamic diameter of mixture increased to (10.1 +
1.6) nm, with the peak maximum of the size distribution
shifting towards larger hydrodynamic diameters (Figure
S27). This shift suggests a significant interaction between the
HSA molecules and K;,[Fe,L,] [55]. Additionally, the
combination of HSA and K,[Fe,L,] also alters the electro-
kinetic (zeta) potential of the solution. The electrokinetic
(zeta) potential of HSA is (—9.6 + 1.4) mV, while that of HSA
upon mixing K;,[Fe,L,] results in an electrokinetic (zeta)
potential of (21.0 £ 0.1) mV. This more negative electro-
kinetic (zeta) potential, compared to that of HSA, implies
agglutination with lower affinity [56]. The observed changes
in hydrodynamic diameters and electrokinetic potential upon
mixing HSA and K,,[Fe,L,] provide positive evidence sup-
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porting this possible interaction mechanism. This binding
mechanism not only stabilizes the protein-cage complex but
also significantly enhances the relaxivity, thereby improving
the efficacy of the contrast agent. In the presence of HSA,
relaxivities increased to 9.24 and 7.57 mM ' s ' at 0.5 and
9.4 T, respectively (Figures S28 and S29). To further study
the impact of this interaction, the proton relaxation en-
hancement method was employed [57,58]. Initially, a solu-
tion of 0.12 mM K,,[Fe,L,] was titrated with progressively
increasing concentrations of HSA (Figure 5a). With rising
HSA levels, the proton relaxation rate initially increased
rapidly, indicative of effective binding interactions. This rate
of relaxation plateaued upon saturation of the available
protein binding sites. Beyond this saturation point, any fur-
ther slight increase in the relaxation rate was attributed to the
heightened solution viscosity resulting from increased HSA
concentrations. Quantitative analysis of the titration data, as
detailed in the Supporting Information online, determined
that the inflection point for HSA binding occurred at con-
centrations between 0.03 and 0.04 mM. The calculated
binding constant for K;,[Fe,L,] with HSA was (6.1 + 1.4) x
10°M 7, demonstrating a strong interaction, with a relaxivity
of HSA-bound complex (r,”) of 10.1 mM 's". To further
delineate the binding dynamics between K,,[Fe,L,] and
HSA, a series of experiments with stepwise increases in
K,[Fe,L,] concentration were conducted, while maintaining
a constant HSA concentration of 0.04 mM (Figure 5b). The
proton relaxation rate increased proportionally with the
concentration of K ,[Fe,L,] until reaching an inflection point
at 0.12 mM. Below this concentration, HSA bind almost
quantitatively to K;,[FesL,]. Upon reaching the 0.12 mM
concentration, the binding sites on HSA became saturated,
leading to a slight decrease in relaxivity. From these results,
the binding ratio of K,[Fe,L,] to HSA is inferred to be 3:1
under the experimental conditions studied. This strong affi-
nity and specific binding stoichiometry highlight the poten-
tial of K;,[FesL,] as an effective blood-pool MRI contrast
agent, facilitated by its robust interaction with serum pro-
teins.

2.6 In vivo MRI studies

All procedures involving animals were approved by the
Animal Welfare and Research Ethics Committee at the In-
novation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences (APM23024T).
The cytotoxicity of K;,[Fe,L,] was initially evaluated using
MTT assays on MIg2908 mouse lung fibroblasts. Results
indicated that cell viability remained above 90% across a
range of concentrations (0—200 uM) after 12 h of incubation,
with no significant cytotoxic effects observed at the ad-
ministered doses (Figure S30). Before in vivo MRI analysis,
the in vivo biocompatibility of K;,[Fe,L,] was also con-
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Figure 5 (Color online) The binding parameters of K,,[Fe,L,] with HSA
were measured using proton relaxation enhancement, which involved (a)
titration of 0.12 mM K ,[Fe,L,] with increasing concentrations of HSA,
and (b) titration of 0.04 mM HSA with increasing concentrations of
Ko[FesLy].

ducted. K,,[Fe,L,] (dose: 0.01 mM kg ') or physiological
saline (control) was intravenously injected into the healthy
Balb/c mice, and then blood analysis and haematoxylin and
eosin (H&E) staining of major organs were performed post-
24 h. The results illustrated no obvious inflammation or le-
sions in the heart, liver, spleen, lung, and kidney, and the
blood biochemical indices of liver and kidney function in
K,[Fe,L,] and control groups were within normal limits
(Figures S31 and S32), thereby validating its safety for
in vivo application. Subsequent investigations assessed the
MRI performance of K;,[Fe,L,] in healthy Balb/c mice using
a 9.4 T MRI scanner. For a reliable comparison, in vivo re-
sults for K,,[Fe,L,] were benchmarked against those for Gd
(HP-DO3A) (ProHance), administered at an identical dose of
0.01 mmol kgfl. Post-intravenous injection of K;,[Fe,L,],
significant contrast enhancements were observed in the liver,
kidneys, and spleen. Specifically, the maximal percentage
signal enhancements were 47.7%, 42.7%, and 39.3% re-
spectively, for these organs in the K;,[Fe,L,] group, com-
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pared to 8.3%, 6.2%, and 2.3% in the ProHance group
(Figure 6). This indicates that the enhancements in the
K,[Fe4L,] group were approximately 5.7, 6.9, and 17.1 times
those observed with ProHance, suggesting markedly superior
imaging efficacy of K ,[Fe,L,] at low doses. Moreover, while
ProHance-mediated MRI contrast enhancements in the liver,
kidneys, and spleen decreased significantly within 40 min,
the K,[Fe,L4] group maintained robust MRI contrast in these
tissues for up to 8 h post-injection (Figure 6¢). This pro-
longed retention time is attributed to the blood-pool agent
characteristics of K;,[Fe,L,], stemming from its strong
binding affinity for serum albumin, which facilitates long-
term monitoring of targeted tissues. /n vivo imaging mon-
itoring in mice revealed that K ,[Fe,L,] is primarily meta-
bolized by the liver and kidneys, similar to Fe4L36, which is
cleared through a hepatobiliary mechanism [2].

3 Conclusions

In this study, we successfully synthesized and characterized
two face-capped ML, MOCs. The K;,[Fe,L,] cage, in par-
ticular, emerged as an effective 7,-weighted MRI contrast
agent, exhibiting exceptional longitudinal relaxivity (7).
With a relaxivity of 541 mM 's ' at 32 °C and 0.5 T that
increases t0 9.24 mM ' s ' in the presence of HSA, K,[Fe,L,]
offers a promising Gd(III)-free alternative. This cage com-
bines notable water solubility, stability, and a robust protein-
binding capability, contributing to its superior imaging
qualities. /n vivo MRI studies at a low dosage of
0.010 mmol kg{1 revealed that K ,[Fe,L,] provides enhanced

Liver

Kidneys / Spleen

(b)

Liver

Kidneys / Spleen
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imaging and extended retention time compared to the com-
mercially available contrast agent ProHance. Furthermore,
we extended our investigation to the K,,[Ga,L,] cage, its
diamagnetic counterpart, examining its host-guest chemistry,
particularly with neutral guests. Notably, K,,[Ga,L,] de-
monstrated an ability to encapsulate the TEMPO organic
radical, a finding of interest due to the radical’s inherent
imaging capabilities. The cage’s structure effectively re-
stricts these radicals within its cavity, which can enhance
their stability in reducing environments and increase their
rotational correlation time, thereby potentially improving
image contrast. Our future research will delve further into
this phenomenon, aiming to develop multi-modality MRI
contrast agents that harness both the magnetic and structural
properties of these unique cages. Metal-organic cages as
MRI contrast agents present both significant challenges and
promising opportunities. Several key limitations must be
addressed: primarily, achieving optimal water solubility
while maintaining cage stability remains a critical challenge.
Additionally, the careful design and screening of ligands for
cage construction requires extensive research and develop-
ment. From a commercial perspective, the cost-effectiveness
of these materials poses a potential barrier to widespread
implementation. Nevertheless, these challenges are coun-
terbalanced by compelling opportunities. The unique host-
guest chemistry of metal-organic cages offers considerable
potential for advancement in magnetic resonance contrast
agent development. Furthermore, the versatility in ligand
modification and the capability for cage-cage responsive
transitions present promising avenues for future innovations
in this field. When addressing challenges, this work not only
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Figure 6 (Color online) In vivo 'H T \-weighted MRI of healthy Balb/c mice pre- and post-i.v. injected with (a) K;,[Fe,L;] or (b) ProHance
(0.01 mmol kgfl) in physiological saline displayed in the axial section and (c) the corresponding percentage signal enhancement of the liver, kidneys, and

spleen as a function of time (standard error of the mean, n = 3).
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underscores the significance of careful structural design in
developing MOC-based contrast agents but also represents a
step moving beyond traditional gadolinium-based agents.
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