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Abstract

The relaxivity of a magnetically responsive Gd complex can be controlled by non-covalent
molecular recognition with a water-soluble deep cavitand. Lowered relaxivity is conferred by a
self-assembled micellar “off state”, and the contrast can be regenerated by addition of a superior
guest.

Shape-based molecular recognition has a number of applications in sensing for a variety of
analytes.? The most common applications report directly on the sensor:substrate interaction,
but an alternate technique is based on allostery: the recognition event causes a second
assembly event that can be detected by an external method.2 This has application for the
detection of species that are difficult to complex via direct recognition. An example lies in
the creation of magnetically responsive complexes that are based upon paramagnetic
chelates of Gadolinium. Responsive agents that change contrast properties upon exposure to
effectors3 such as metal ions,33-¢ pH,3%9 enzymes3" and light3i are known, but they often
rely on a direct interaction with the Gd center, most often with water, to modulate the
response. An alternate strategy would be to “hide” the Gd center from water in a particle* or
via non-covalent, multicomponent assembly. Unfortunately, self-assembly in water is
dominated by hydrophobic effects and mainly controlled by concentration, a property not
amenable to external control. If the self-assembly could be triggered by a selective agent,
simple control of the visualization properties would be accessible. Here, we report an
example of this: a magnetically responsive Gd complex based on controlled, non-covalent
assembly. The system is based on a shape-selective dimerization of a functionalized Gd
chelate by a water-soluble host molecule. This reversible non-covalent binding of the
relaxive complex by the receptor allows displacement of the complex by a stronger binder,
and activation of the released guest. The relaxive species (2a, Fig 1c) is provided by addition
of an R-NMe3z* “binding handle” to the known Gd ligand DOTA. This allows non-covalent
recognition by the water-soluble deep cavitand 1. Cavitand 1 is capable of selective
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recognition of guests displaying an R-NMes* binding handle in pure water,® lipid
micelles,®2 and living cells.5P

The binding generally occurs with high affinities (~10* M1 in D,0), controlled by cation-m
interactions.® Cavitand 1 displays properties of lipids, including a hydrophobic body and a
charged terminus, allowing self-assembly with external lipids and incorporation into larger
aggregates without loss of host behavior.68 Synthesis of the complex 2a was performed
using known methods’ in 39% overall yield. The same route furnished a diamagnetic
yttrium chelate 2b. A minimized structure of the proposed 1¢2a complex is shown in Figure
1b.

Upon addition of host 1 to an aqueous solution of complex 2a, significant attenuation of the
relaxivity is observed. The T, of water in a 0.64 mM solution of complex 2a increased from
228+3 ms to 301+1 ms upon introduction of one molar equiv. 1. As [1] increases, a
continuous increase in T, relaxation was observed. At 6 molar equiv. 1, the T; 344+1 ms
and no further increase was observed (see ESI). The molar relaxivity decreased accordingly
(Figure 2a): the relaxivity of 2a (5.6+0.4 mM~1s71) is significantly lessened by the addition
of excess 1 (3.2+0.2 mM~1s71), a decrease of 43%.

The complexation of complex 2a and cavitand 1 with subsequent lessening of Ty (the “off”
state) can be reversed by expelling complex 2a from the host. This can be achieved by
adding choline chloride (6), a strongly bound guest for 1. When choline chloride (6) was
titrated into a solution of 2a (0.32 mM) with 6 molar equiv. 1, a continuous decrease in T,
was observed as [6] increased. The initial T, relaxation of 2a (576+4 ms) decreased to
42045 ms after the addition of 100 equiv. of choline, and molar relaxivities behave
accordingly (Figure 2b). The r; of the 1¢2a construct (3.2+0.2 mM~1s71) is increased to
4.2+0.3 mM~1s71 an increase of 31% over the complex in its “off” state. We suspect that
the incomplete recovery of relaxivity occurs because of a Coulombic attraction between
cation 2a and the anionic 1+6 material. The R-NMesz* binding handle of 2a is essential to the
behavior of the system. The relaxivity-masking experiment above was repeated with
Na[Gd(DOTA)] (5), which has little affinity for the cavitand. The molar relaxivity of 5
(2.8+0.2 mM~1s71) was reduced upon addition of excess 1 by only 14% (r; = 2.4+0.1
mM~1s71). In addition, there was no change in relaxivity upon exposure of the 1¢5 mixture
to choline (r; = 2.520.1 mM~1s™1). Without the selective binding of the complex, minimal
reduction of molar relaxivity was observed, and no reversal is possible upon treatment with
choline.

The exact mechanism of the relaxivity control is not obvious. Immobilization of Gd chelates
on scaffolds of larger size (e.g. macromolecules) tends to yield higher relaxivities due to
reduced tumbling rate,8 but this system displays the opposite behavior: relaxivity lessens
upon binding of the cavitand to 2a. Simple 1H NMR analysis is not practical with
paramagnetic complex 2a, so the analogous diamagnetic yttrium complex 2b was employed.
Upon addition of 2b to cavitand 1, no characteristic upfield peaks for the 1:R-NMesz*
complex were observed (see ESI). Instead, loss of signal was observed as the guest
concentration increased. When cavitand 1 was titrated into 2b, similar results were obtained.
Only after addition of 6 equiv. of 1 were sharp peaks observed, corresponding with those of
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free cavitand. The disappearance of signals for both host and guest and the lack of any
observable precipitate from the solution suggest that an aggregation of the lipid-like
cavitand 1 is occurring upon complexation with the amphiphilic guest 2b. This triggered
self-assembly of cavitand 1 is rare. Hydrocarbon guests and small R-NMez* species such as
choline or NMe4Br form simple 1:1 complexes.® Longer R-NMes™ species form micelles
that incorporate the cavitand itself.52 Guest 2b, however, is of intermediate size: it is poorly
capable of forming micelles itself, but a hydrophobic component of the guest protrudes from
the cavity into the bulk water upon binding, lowering the solubility of the complex. When
the host:guest binding event occurs, the 1:2b complex apparently initiates aggregation into a
larger assembly that displays slow tumbling, and so the 1H signals are averaged. If the
aggregate is disrupted by addition of MeCN-dj to the solution, the individual peaks for both
1 and 2b are observed again (see ESI). The binding of 2b in 1 is relatively weak. While
accurate calculation of the Ka (1:2b) is complicated by the aggregation phenomenon, it can
be estimated as ca. 250 M1, two orders of magnitude less than that of choline.® This also
explains why the relaxivity of 2a ceases to decrease after the addition of 6 molar equiv. 1:
that is the amount of 1 required fully to bind all complexes in the cavitand. Lower cavitand
concentration leads to free 2a molecules in the “on” state.

The assembly events were further characterized by dynamic light scattering (DLS, Figure 3).
At the 1:2a molar ratio of 6:1, discrete nanoparticle aggregates with an average diameter of
7 nm were observed.? The orientation of the 1¢2a complex in this micellar aggregate is not
obvious: one would expect the tetracarboxylate rim of 1 to be oriented towards the bulk
solvent, but the Gd-DOTA complex 2a itself displays a lipophilic terminus. The relaxivity
data provide a possible explanation: even though the assembly is larger and presumably
tumbles at a slower rate than free 2a, the relaxivity of 2a is lowered upon binding to 1. In the
aggregated form, the Gd center of 2a is most likely hidden and has limited access to water.10
This indicates that the micellar aggregate displays the characteristics of the cartoon shown in
Figure 1d, wherein the Gd center is oriented to the aggregate’s interior. We expect that the
aggregate does have a slower tumbling rate, but that the water-shielding properties of the
system dominate.

Upon addition of choline (6), guest 2a is liberated from the assembled aggregate, leading to
free 2a in solution that can resume its usual T, contrast properties. Unfortunately, DLS
analysis of the cavitand:choline complex was complicated by the appearance of larger
aggregates that occur upon addition of salt and/or varying the concentration of 1. At higher
[1], and in the presence of 6, larger aggregates ranging from 20-100 nm and 900-1000 nm
were observed. The aggregation phenomenon is evidently complex, but the nature of the
choline-containing aggregates is inconsequential to the T4 modulation behavior: the more
strongly binding choline (6) occupies the cavitand aggregates and 2a is free to display strong
contrast again.

The responsiveness of the system can be most effectively demonstrated by a simple
visualization of the contrast difference between the “on” and “off” states. To this end,
phantoms were acquired ina 7 T MRI imager using a FLASH sequence (Figure 4).
Consistent with the molar relaxivity data, the contrast of complex 2a was masked upon
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introduction of cavitand 1, which was returned with the introduction of choline chloride. A
30% difference in brightness was observed and quantified using ImageJ.

In conclusion, we have developed a magnetically responsive Gd complex system that is
controlled solely by non-covalent molecular recognition and self-assembly processes. The
self-assembly cascade allows the relaxive complex to be turned “off” by shielding the Gd
center in a self-assembled micellar aggregate with a suitable water-soluble cavitand host.
The assembly is triggered by the binding event, so can be disrupted by addition of a superior
guest molecule. This frees the complex, regenerating its contrast abilities. This process
occurs under mild aqueous conditions: further research on the this system in biologically
relevant environments is underway.
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(a) Water-soluble deep cavitand 1; (b) minimized structure of the cavitand 1:Gd chelate 2a
complex (SPARTAN, AM1 forcefield); (c) synthesis of the guests; (d) a representation of
the responsive assembly/release process.
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Molar relaxivity plots (H,0, 298 K) of (a) Complex 2a + 0 or 6 mol.-eq. 1 ([2a] = 1 mM);
(b) 2a + 6 mol.-eq. 1 + 0 or 100 mol.-eq. choline 6 ([2a] = 0.5 mM); (c) Control 5+ 1 + 0 or
100 mol.-eq. 6 (d) Molar relaxivities of complexes 2a and 5 with sequential addition of 1 (6
equiv) and 6 (100 equiv). Data acquired at 9.4T.
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Fig. 4.
Phantoms acquired in a Pharmascan 7 T MRI using Bruker’s FLASH sequence, TR = 474

ms; TE =6 ms. (1) H»0O; (2) 0.64 mM 2a; (3) 0.64 mM 2a with 4 equivalents of cavitand 1;
(4) 0.64 mM solution of Gd complex 2a with 4 equivalents of cavitand 1 upon exposure to
100 equivalents of choline.
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