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Abstract

The complexes described here serve as contrast agents for magnetic resonance imaging
thermometry. The complexes differentially enhance contrast between 275 and 325 K. The basis of
the temperature response of the fluorinated contrast complex is the modulation of water exchange
caused by trifluoromethyl groups that can be chemically controlled.
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Thermal therapies have gained interest in recent years as treatments for diseases.1= This
interest has driven efforts focusing on the measurement of temperatures in living organisms
using various methods, including thermocouples,® microneedle array electrodes,®
paramagnetic thermosensitive liposomes,”8 spin transition molecular materials,?-11 and
paramagnetic lanthanide complexes as contrast agents for imaging.12-14 Many of these
methods are invasive or use contrast agents that report temperature as a step function instead
of reporting a range of temperatures. However, thermometry using magnetic resonance
imaging (MRI) is a promising technique for use with thermal therapies to accurately monitor
heterogeneously distributed temperatures in living organisms.1>-17 Because MRI-based
monitoring of thermal therapies is noninvasive, it is possible to map temperature in real-
time. The combination of MRI with temperature-responsive contrast agents can increase the
ability to report temperature. For example, lanthanide-based contrast agents for MRI have
been encapsulated in macromolecular hydrogel systems or liposomes to increase contrast
enhancement from dark to bright upon increasing temperature;18-20 however, there is a lack
of small-molecule MRI thermometers that transition from dark to bright with increasing
temperature. Here, we present a Gd'!'-containing complex that displays a decrease in
contrast enhancement and its fluorinated Gd'!'-containing complex that increases
innersphere relaxivity with increasing temperature over a biologically relevant range.

We drew inspiration from a redox-responsive fluorous Eu''-containing complex that
displayed temperature-dependent relaxivity.21 We hypothesized that replacing Eu!! with
Gd'!" would isolate temperature control from redox activity if the coordination chemistry
remained similar. To test this hypothesis, we synthesized Gd'!'-containing complex 1 that
contained 12 chemically equivalent fluorine atoms (Fig. 1). A methylated analog of the
Gd'!"-containing complex, 2, was also synthesized to investigate the structural changes that
make this fluorinated complex temperature sensitive. Both complexes were characterized for
identity and purity using high-resolution mass spectrometry and elemental analysis.

Having characterized complexes 1 and 2, we investigated whether structures of the fluorous
complex and the methyl analog were the same. The crystal structure of fluorous complex 1
has a cage-like structure formed by the fluorinated arms of the complex (Fig. 1). The
uncommon cage-like structure encapsulates a molecule of water that is coordinated to Gd'!,
like the structure of the divalent europium analog.2! Methylated analog 2 does not share the
cage-like structure. A coordinated molecule of water is present in 2, but the arms of 2 extend
away from the Gd''! ion. The orientation of the arms of a tetraamide lanthanide complex
extending away from the metal is consistent with observations of almost all other lanthanide-
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containing tetraamide complexes.22-24 These observations demonstrate that two otherwise
similar Gd"'!-containing complexes differ in their structure due to fluorous interactions.2%:26

To learn how these complexes behave in solution, we measured the relaxivities of 1 and 2 as
a function of temperature (Fig. 2). We selected a broad temperature range, which included
ambient temperature and body temperature, to obtain accurate fitting curves. For 1,
relaxivity remained constant at 1.9 mM~1 s™1 from 293 to 318 K at 9.4 T (ANOVA data
available in the ESI), with an increase in innersphere relaxivity over the same range at both
1.4and 9.4 T (Fig. 2). Further, we observed a steady decrease in the relaxivity, both
observed and innersphere, of 2 with increasing temperature. The decrease in relaxivity
observed with 2 over the temperature range studied is consistent with other complexes of
Gd"" including clinically approved contrast agents and tetraamide complexes.2’-2° The
similar relaxivity of 2 with other complexes coupled with the similarity in molecular weight
(58 Dalton difference) and structure (same types and numbers of donors on the ligands)
between 1 and 2 make the opposite influence of temperature on innersphere relaxivity
between the complexes unique. As exemplified by other Gd'!'-containing complexes studied
over similar temperature ranges,2’29 relaxivity is expected to decrease with increasing
temperature, like we observed with 2, because of the increased tumbling rates of molecules
associated with higher temperatures. The temperature-independent behavior observed with
1, despite having a similar molecular weight to 2, indicates a different driving force for the
observed change caused by minor changes to the periphery of the ligand. Based on
Solomon- Bloembergen—Morgan theory,39 a change in the number of coordinated water
molecules that are in exchange with bulk water could cause the observed change in
relaxivity.

Suspecting that the temperature-dependent innersphere relaxivity of 1 was due to a change
in the number of water molecules that were both coordinated and exchanging with bulk
water, we used luminescence spectroscopy to determine the water-coordination numbers of 1
and 2 at 288, 298, and 313 K. In these studies, Eu'!" is often used as a luminescent surrogate
for Gd'!!, therefore, we synthesized the Eu'!!-containing analogs of 1 and 2. We performed
luminescence-decay measurements of the Eu'!! analogs of 1 and 2 in H,0 and D,0 (data
available in the ESI) and determined water-coordination number using the Horrocks
equation.3! We determined the water-coordination number to be 0.9 for both 1 and 2 at all
three temperatures; implying that both 1 and 2 contain one coordinated water molecule in
solution across the entire temperature range of our studies. This observation is consistent
with the solid-state structures of 1 and 2. Although there was no difference in the number of
coordinated water molecules between 1 and 2 in solution, those coordinated water molecules
only have a substantial influence on relaxivity if they are in fast exchange with bulk water.
We suspected that if the cage of CF3 groups surrounding the coordinated water molecule of
1 inhibited water exchange in a temperature-dependent fashion, then the inhibition could be
the driving force behind our observed change in relaxivity.

To test this hypothesis, we evaluated molecular parameters that determine relaxivity using
variable-field (0.01 to 120 MHz) 1H nuclear magnetic relaxation dispersion analysis
(NMRD) of complexes 1 and 2 (Fig. 3). NMRD analysis enabled us to fit data to theoretical
models of paramagnetic relaxation and extract parameters that govern the relaxivity. Data for
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NMRD profiles were acquired at 298, 308, and 318 K and fitted using Solomon-
Bloembergen—Morgan theory of innersphere paramagnetic relaxivity in conjunction with
Freed theory for outer-sphere contribution. Water-coordination number (g), Gd'!'-water
proton distance (7), distance of closest approach of outer-sphere water (&), diffusion
coefficient (D), and the activation energy of the electronic correlation time for the
modulation of the zero-field splitting interaction (£,) were set to fixed standard values.3%:32
All the other parameters were obtained using least square fitting method (Table 1 and Table
S4). The NMRD profiles of 1 and 2 showed that relaxivity of 2 was greater than 1 at every
field studied, and the relaxivities of 1 and 2 are largest at low field strengths (<1 MHz). The
NMRD profiles are characterized by the typical shape of low molecular weight Gd'!!-
containing chelates,32 featuring a plateau at field strengths below 0.1 MHz and a dispersion
between 2 and 8 MHz. At field strengths of 10 MHz and larger, the innersphere relaxivities
of 1 and 2 are dominated by rotational dynamics that are described in terms of a rotational
correlation time g (equation S3). However, the amplitude of the profiles of 1 and 2 are
significantly different, and this difference is attributable to a different contribution of the
innersphere mechanism in the two cases: large for 2 and significantly small for 1. In fact, the
calculated water-exchange rate of 1 is an order of magnitude slower than the water-exchange
rate of 2 over the entire temperature range that we studied. Other than the z,, values of 1 and
2, which are 80x different from each other, there is almost no change in the other parameters
between the two molecules. The one exception is a slight difference in zg that is largely due
to the imprecision associated with this term for molecules with extremely slow water-
exchange rates (small innersphere contribution).

Cc

"= 555(T 1 + 1)

Eq1l

Based on the molecular parameters of 1 and 2, we calculated the longitudinal proton
relaxation time ( 71 ;) and residence lifetime of bound water molecules (z,;) of 1and 2 at 1.4
and 9.4 T (Fig. 4 and Fig. S8). The values of 77, were similar to each other for both 1 and
2, which is not surprising because in both molecules water is coordinated to Gd''! in similar
coordination environments. The value of z,, however, was 80 times larger for 1 than with 2.
That difference lead to 71, * z,, (slow/intermediate-exchange regime) for 1, and z,,< 71
(fast-exchange regime) for 2 across the entire temperature range that we studied. Because
innersphere proton relaxivity is inversely proportional to 71,,and z,, (equation 1, where cis
the molal concentration of Gd and there is a water-coordination number of one), the term
that dominates the value in equation 1 limits relaxivity. With 2, 7; ,, dominates z,, and,
therefore, limits relaxivity. The value of 77, for 2 slightly increases (0.189 to 0.207 ms at
1.4 T) with increasing temperatures (280 to 315 K) because of the decrease of rotational
correlation times due to rapid molecular rotations. We observed a small and steady decrease
in the relaxivity of 2 due to shortening of g with increasing temperature. However, z,
contributes to the relaxivity of 1, and therefore, observably governs the relaxivity of 1.
Because z,,; decreases [water-exchange rate (kux = 1/z,;) increases] with increasing
temperature, the innersphere relaxivity of 1 increased with increasing temperature (Fig. 2).
In this case, the decrease in z,,; makes the contribution of 73, and, therefore, of the
innersphere mechanism gradually more relevant. This increase in innersphere relaxivity with
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1is enough to negate the increase molecular motions at higher temperatures, leading to a
temperature-independent observed relaxivity. The good correspondence between the
calculated and experimental values supports the accuracy of the analysis.

The different water-exchange modulation of 1 compared to 2 is likely due to its unusual
conformation brought about by the 12 F atoms. At colder temperatures, the encapsulated
innersphere water molecule in the cage-like structure restricts water exchange between the
coordinated water trapped in the cage and bulk water. At warmer temperatures, molecular
motions of the fluorinated arms increase access to the coordinated water molecule to
increase the water-exchange rate, consistent with an increase in innersphere relaxivity.
Usually, the relaxivity of small-molecule contrast agents is largely influenced by water-
coordination number and rotational correlation time.39 Lanthanide-containing complexes are
sometimes conjugated with macromolecules including proteins to slow rotation to the point
that water residence lifetime influences relaxivity.30 In the system described here that does
not involve conjugation with macromolecules, the relaxivity of 1 is modulated by water
residence lifetime as a function of temperature. This conformational-change-driven
modulation of water exchange is unique to our system and different from other lanthanide-
containing tetraamide complexes.22-24

In conclusion, we have synthesized Gd'!'-containing complexes for MRI thermometry. The
nonfluorinated agent, 2, decreases observed relaxivity with increasing temperature between
ambient and body temperature, and the fluorinated agent, 1, displays in increase in
innersphere relaxivity over that same range, which is a critical step toward dark-to-bright
contrast agents. These changes are an effect of a small change from CH3 to CF3 on the
periphery of the complex with nearly identical coordination environments. While the CF3
complex is not optimized as a preclinical agent for thermometry, the two complexes provide
a foundation for the ability to prepare thermometers using changes to ligand periphery: we
expect these results, in combination with methods to limit the influence of molecular
motions and concentration,34 to advance the study of temperature in vivo in a wide variety of
systems and in association with thermal therapies.

Supplementary Material
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Chemical (left) and crystallographic structures from diffraction of Gd'!'-containing
complexes 1 (center) and 2 (right). Thermal ellipsoids are drawn at 50% probability.
Counterions, outer-sphere water molecules, and hydrogen atoms are not shown for clarity.
Grey = carbon; blue = nitrogen; red = oxygen; green = fluorine; and sea green = gadolinium.
Crystallographic data for the structures has been deposited at the Cambridge
Crystallographic Data Centre under deposition numbers CCDC 1991782 and 1991783.
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Fig. 2.
Plots of relaxivity vs temperature at (top) 1.4 and (bottom) 9.4 T. Solutions of 1 (@) and 2

(O) used for relaxivity measurements were prepared in aqueous 3-morpholinopropane-1-
sulfonic acid buffer (pH 7.4). The solid and dashed lines, representing total and innersphere
relaxivity, respectively, were calculated using NMRD best-fit parameters (Table S4).
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Fig. 3.
NMRD profiles of solutions of (top) 1 and (bottom) 2 in aqueous 3-morpholinopropane-1-

sulfonic acid buffer (pH 7.4) at 298 (@), 308 ("), and 318 (A) K. Solid and dashed lines,
representing total and innersphere relaxivity, respectively, were fitted assuming r=3.1 A, ¢
=1,a=43A and 2%8D=2.24 x 10°cm? sL.
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Plots of 71, (@) and z,, (O) of 1 (top graph) and 2 (bottom graph) as a function of
temperature at 1.4 T. The inset on the bottom plot shows the behavior of z,, for 2.
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Table 1

Selected parameters obtained from the fitting of the NMRD profiles of 1 and 2.

Parameters 1 2

A2 (1019 572) 30£02 5303
7 (ps) 6+1 8+1

7z (ps) 100+5 8l%2
AH,(kImol™) 52+3  30+3

T (HS) 40 1 0.5%0.1
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