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An MRI-responsive agent that spontaneously self-assembles to a
large supramolecular structure under physiological conditions was
designed. The obtained assembly provides an extended time win-
dow for in vivo studies, as demonstrated for a fluorine-19 probe
constructed to sense Zn?* with '°F-iCEST MRI, in the future.

Small molecular MRI responsive agents, also known as smart
contrast agents,"” are rationally designed to sense an analyte
(i.e., metal ion, metabolite, etc.), condition (i.e., redox, pH, etc.),
or enzymatic activity through a change in the obtained MRI
signal. Among these agents, those designed to map metal ions
were extensively developed in the last two decades,® and
although designed for a range of ions,* those agents aimed to
sense Zn>"> and Ca**,*” have shown promising results.® For
some applications, their fast response was not compromised by
their fast clearance and allowed the spatial monitoring of Zn**
secretion from functioning pancreatic tissues’ or glucose-
stimulated Zn>* excretion from non-tumoral prostate.'® Never-
theless, the fast washout rates of some MRI-responsive agents
required continuous infusion throughout the study period to
map ion-mediated brain activity® or brain pathology.” In addi-
tion, fluorine-19-based Zn**-responsive agents developed for
in vivo mapping of the metal ion in the brain'' and in an
animal model of prostate cancer,"” using the '°F-iCEST
approach,”® required relatively long acquisition times, and
thus, continuous infusion of the synthetic probe. To overcome
the limitation of fast washout of the delivered MRI-responsive
agent, alternatives are needed.

One strategy to prevent the use of injectable probes is to
develop and implement genetically encoded biosensors for MRI
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detection of metal ions.'* Another alternative to prevent the
rapidly washed out small molecular probes is the use of large-
sized MRI responsive agents. This includes ion responsive agents
of a type of dendrimers'® or iron-oxide nanoparticles'®"” that
could be detected for a long time at the region of interest after
their injection, even when delivered at sub-microliter quantities.
Inspired by the demonstrations that water-soluble benzene-1,3,5-
tricarboxamides (BTAs) conjugates self-assemble under elevated
temperatures to obtain supramolecular polymers,'® we show here
a novel strategy for very slow washout of relatively small MRI
probes. Specifically, we developed a *°F-MRI-responsive agent for
Zn** that spontaneously self-assembled to large structures only
upon its delivery to the tissue of interest, enabling the detection
of a robust ’F-MRI signal from the imaging agent, even 20 hours
after its delivery.

We have started by synthesizing a potential **F-iCEST probe
for Zn®* MRI, as responsive agents of this type required pro-
longed infusion in order to allow robust *°F-MRI of the delivered
agent.'"'* As a putative Zn”>* recognition moiety of the designed
assembly, compound 1 was first synthesized with a PEG-10 as a
linker for further conjugations to a BTA backbone, through a
reductive amination (Fig. 1). ’F-NMR studies of 1 in the
presence of Zn>" showed characteristic "’F-NMR peaks of free
and Zn”"-bound 1 with a Aw (related to the free 1, set to 0 ppm)
of +5 ppm, and indeed, a pronounced '°F-iCEST effect of 25%
was observed for a buffered solution containing 3 mM 1 and
60 pM Zn** at 37 °C (Fig. S1, ESIf). Then, 1 was reacted with
benzene-1,3,5-tricarbonyl trichloride to form the tripod mole-
cule 2 (Fig. 1). 2 has the BTA backbone conjugated to three
hydrophilic moieties, and thus, the potential to form large
supramolecular assemblies based on =n-m interactions and
hydrogen bonding™®2° between adjacent molecules (Fig. S2,
ESIY).

The ability of tripod 2 to form nano-sized supramolecular
assemblies in aqueous solution was then studied and com-
pared to the one-unit probe 1 at both 25 °C and 37 °C (Fig. 2).
To this end, dynamic light scattering (DLS) measurements were
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Fig. 1 The molecular structures of (a) 1 and (b) 2

first performed on aqueous solutions of 1 or 2 at either 25 °C or
37 °C. As expected, 1 showed a comparable size (D, = 8.1 +
1.6 nm and Dy, = 9.2 + 1.9 nm, at 25 °C and 37 °C, respectively)
and a transparent solution at both studied temperatures
(Fig. 2a), implying no formation of large assemblies even at
an elevated temperature. Interestingly, a different observation
was found for 2 when DLS measurements were performed at
25 °C (Dy = 54 £ 20.2 nm) or 37 °C (Dy = 163.3 £+ 38.2 nm),
indicating the formation of large assemblies when the solution
of 2 was heated to a physiological temperature, 37 °C (Fig. 2c).
Such large sizes obtained at 37 °C could also be detected by the
naked eye, as shown from the pictures of tubes containing 2 at
the two studied temperatures with white-colored assemblies
appearing at 37 °C (Fig. 2¢). Importantly, these assemblies are
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not just large-size precipitates, as they spontaneously disas-
sembled when the solution was cooled to 25 °C to obtain their
initial size and a clear solution (Fig. S3, ESIt).

To further elaborate on this observation, '’F-NMR experi-
ments were then performed on aqueous solutions of 1 or 2 at
25 °C and 37 °C. As depicted in Fig. 2b, for the solution of 1, the
same single peak was obtained in the '’F-NMR spectrum at
both studied temperatures. In contrast, for tripod 2, a different
observation could be detected at 25 °C and 37 °C. (Fig. 2d).
While a single "F-NMR peak was observed at 25 °C, an
additional peak, resonating 0.7 ppm upfield, was obtained
when the sample was heated to 37 °C. Such an observation
can be explained by the formation of a new chemical environ-
ment of the '’F-entities of 2 upon temperature elevation and
the assembly formation. To further explore this difference
between the 'F-NMR of 1 and 2, and for a better understanding
of the additional peak observed for 2 upon heating the solution
to 37 °C, diffusion NMR experiments were performed as such
studies are frequently used to determine the formation of large
assemblies and differentiate them from the adjacent mono-
mers in solution.”* For 1, a larger diffusion coefficient (D) of
0.48 £ 0.01 x 107> cm” s~ " was obtained at 37 °C, compared to
that obtained at 25 °C, i.e., 0.38 + 0.01 x 10> cm” s~ (Fig. 2b).
This observation is expected for freely diffusing molecules that
experience a faster Brownian motion at an elevated tempera-
ture and do not assemble to obtain larger structures. Interest-
ingly, for tripod 2, two different observations were obtained
from the diffusion NMR experiments. While the "’F-NMR peak
that resonated at —128 ppm represents a monomeric diffusing
moiety, which shows an increased diffusion coefficient upon
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Fig. 2 Nano-assembly formation characterization. (a) DLS histograms of 100 uM 1 in water, with photographs of tubes containing 3 mM 1 at 25 °C and
37 °C. (b) *F-NMR spectra and °F-NMR diffusion coefficient plot of 3 mM 1 at 25 °C and 37 °C. (c) DLS plot of 100 uM 2 in water, with photographs of
tubes containing 3 mM 2 at 25 °C and 37 °C. (d) 19F-NMR spectra and °F-NMR diffusion coefficient plot of 3 mM 2 at 25 °C and 37 °C. in (d), * represents

the peak of the nano-assembly of 2 obtained only at 37 °C.
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heating the sample from 25 °C (D = 0.22 £+ 0.01 x 10> cm®s ™)
to 37 °C (D = 0.29 £ 0.01 x 10 ° cm? s~ '), the additional peak
appeared at 37 °C (0.7 ppm upfield) reflected a diffusion
characteristic of a much larger structure (Fig. 2d). Significantly,
the diffusion '’F-NMR experiments of 2 revealed that this peak
(marked with * in Fig. 2d) represented a molecular structure
that had a very low diffusion coefficient (D = 0.008 + 0.001 X
107° em® s7'). This slow diffusion rate, 38 times slower
compared to that obtained at 37 °C for the molecular entity
represented by the peak at —128 ppm (Fig. 2d), strengthened
our conclusion that a large assembly of 2 is obtained at 37 °C.
Importantly, the ability of 2 to self-assemble to large entities
was not affected by pH values that are expected in biological
systems (Fig. S4 and S5, ESIT).

Then, to examine the feasibility of 2 for use in future studies
to sense Zn*", its ability to bind the metal ion was studied with
F-NMR. To this end, an aqueous solution containing 2 mM of
2 (i.e.,, 6 mM of chelating units) and 1.2 mM of Zn** (5:1
chelate : Zn>* ratio) was examined and an additional peak was
obtained with a large and specific chemical shift offset relative
to the resonance of free ligand 2 (Aw = +5 ppm, Fig. S6, ESIT).
Note that at higher Zn** concentrations, beyond those expected
in biological systems, the peak of 2-Zn** complex is clearly
observed in the 'F-NMR spectrum but the peak that is
assigned with the large assembly is reduced (Fig. S8, ESIT).
Importantly, at such high Zn>" levels even the presence of higher
concentrations of Cu®* (2 times more than Zn*"), the "*F-NMR
peak of 2-Zn>" complex was still preserved (Fig. S9, ESIT). Then, as
one of the main advantages of "’F-iCEST is to amplify signals of
low levels of ions, the Zn** concentration was further diluted to
obtain a solution with 2 mM 2 and 80 puM of Zn** and *°F-iCEST
experiments were performed (Fig. 3a). Here, where the Zn>" ion
was 75 times more diluted than the chelating units (3 units per
one tripod 2), a pronounced 27% °F-iCEST effect was obtained.
Such an effect that was obtained with the sensitivity of 12 mM of
¥F-nuclei (150 times more concentrated than Zn>* set at 80 pM)
corresponded to a 40 times signal amplification effect in the
"F-MRI framework. This '"’F-iCEST effect obtained for 2 and
Zn”*, although milder than that obtained with a more flexible
9F-chelate,'" was much larger than that obtained with a '°F-
chelates based on the BAPTA backbone."

Having confirmed the formation of nano-sized assemblies of
2 at a physiological temperature of 37 °C (Fig. 2) and its Zn>*
binding capability (Fig. 3), we examined whether our designed
supramolecular probe could be used as a zn*'-specific
"9F-iCEST MRI agent when compared to other cations. For that
purpose, a phantom composed of seven different test tubes
containing 80 uM of biologically relevant cations (e.g., K*, Mg>",
Cu**, zn**, Ca®", Na’, or no ion) in the presence of 2 mM 2 was
prepared, and MRI was performed on a 9.4 T MRI scanner at
37 °C. Note here that the addition of these cations at the
expected biological levels did not affect the assembly process
of 2 (Fig. S10 and S11, ESIt). As depicted in Fig. 3b, "H-MRI
showed no signal difference between the examined tubes,
confirming that the assembly of 2 did not give rise to contrast
changes. A similar observation was made for '’F-MRI where
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iv. “F-iCEST

Fig. 3 'F-iCEST of 2. (a) ®F-iCEST spectrum (i.e., z-spectrum) obtained
from the aqueous solution of 2 mM 2 in the presence of 80 uM of Zn?*.
(b) °F-iCEST MRI: (i) schematic representation of the studied phantom
composed of seven tubes containing 2 mM 2 and 80 uM cation (pH-7.4),
i.e. (1) Mg®*, (2) Cu?*, (3) Na*, (4) Zn?*, (5) K*, (6) Ca®* and (7) no ion; (ii) *H-
MRI: (iii) *°F-MRI; (iv) *°F-iCEST map obtained at Aw = +5 ppm. Experi-
ments were performed at 37 °C on 9.4 T NMR (a) or 9.4 T MRI (b).

identical "F-signal was detected for all 7 examined tubes.
Nevertheless, a '’F-iCEST MRI experiment that was performed
on the very same phantom resulted in a clear signal reduction
at Aw = +5 ppm, only from the Zn>* containing tube. Overlaying
the "F-iCEST contrast on the 'H-MR image represented the
spatial distribution of the cation and presented as a Zn>"-map
(Fig. 3b, z-spectrum shown in Fig. S12, ESI}).

Finally, after confirming the stability of the large-assembly
of 2 in biological media for 24 hours (Fig. S13, ESIt), we aimed
to examine whether the transition of 2 to a large assembly
under physiological condition would affect its washout profile
in vivo. For that purpose, 1 pL of either 1 or tripod 2 (dissolved
in DMSO, which did not affect the assembly and '°F-iCEST
appearance of 2, Fig. S14, ESI{) at an equal fluorine-19 concen-
tration was intracranially injected into the hippocampus of the
mouse brain. The examined mice were placed in a 15.2 T MRI
scanner and longitudinal 'F-MR studies were performed
(Fig. 4). As expected from low-molecular-weight imaging agents,
such as 1 (Fig. 2a and b), the '’F-NMR signal could be detected
only 30 min after the intracranial injection of the solution of 1,
with much of the probe washed out as fast as one hour after the
injection (Fig. 4a). This fast washout does not allow for suffi-
cient time to perform °F-MRI experiments (Fig. S15, ESIt) and
requires the use of continued infusions of the agent, as
previously shown for small probes.”" In contrast, the
'9F-NMR signal of the injected probe 2 was preserved for more
than 20 hours after its delivery (Fig. 4b), although injected at
the same concentration as 1. ?’F-MRI experiments performed
30 min and 21 hours after its delivery showed the localization of
2 at the injection site even one day after its injection, confirm-
ing its very slow washout (Fig. 4c) without significant damage of
the tissue (Fig. S17 and S18, ESIt). These results confirm that

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Invivo *F-NMR and °F-MRI. (a) Y°F-NMR spectra of a live mouse obtained 0.5 h, 1 h, 2 h after intracranial injection of 1 (1 uL of 225 mM in DMSO,
0.1 uL min~? rate). (b) **F-NMR spectra of a live mouse obtained 0.5 h, 1 h, 2 h, 4 h, 8 h, 21 h after intracranial injection of 2 (1 pL of 75 mM in DMSO,
0.1 uL min~?t rate). (c) °F-MRI of the same animal for which the NMR spectrum is shown in (b) at 0.5 h and 21 h after delivery of 2.

the spontaneous assembly of 2 to a large moiety upon its
delivery, prevented its clearance from the injected site.

To summarize, we showed here a conceptually novel approach
to slow down the washout rate of imaging agents from their region
of delivery through their spontaneous self-assembly. By conjugat-
ing a "F-iCEST probe (1) to an aromatic BTA motif to obtain a
tripod type molecular architecture (2), the tendency of the obtained
structure to form nano-assemblies at 37 °C was demonstrated.
In vivo experiments of an injected 2 revealed a prolonged "*F-MRI
signal without the need for continuous infusion strategies used
currently in MRI studies of low-molecular-weight responsive
probes.®”*12 Adopting the principles used in this study, a similar
molecular design can be applied to a wide range of imaging
sensors that require prolonged imaging times or for those that
cannot tolerate fast washout rates.
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