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The use of paramagnetic Gd"' chelates represents a common
approach for altering the intensity of magnetic resonance imaging
(MRI) proton spins to enhance the image contrast." However,
currently used Gd-based contrast agents possess only a fraction of
the efficacy (relaxivity, ry) predicted by theoretica models.? An
attractive strategy for developing high-relaxivity systemsisthe use
of complexes that self-aggregate into lipid nanoparticles such as
micelles (5—50 nm) and liposomes (50—500 nm). These systems
possess high molecular relaxivity resulting from both the additive
effect of al of the Gd"' centers and the Slow global rotational motion
that enhancesthe r; of each complex. Theinterest in these systems
aso arises from the fact that the biodistribution of micelles and
liposomes is highly dependent on their physicochemical properties
and can thus be chemically manipulated.>* However, in spite of
the high relaxivities per particle found for these systems, the r;
values for the individua gadolinium centers are typically modest
[10-20 mM~1 st at 298 K, 20 MHz (0.47 T)] and well below
theoretical expectations. The two major limiting factors are the use
of neutral Gd complexes (DTPA bisamides and DOTA monoam-
ides) exhibiting slow water exchange (ke = 1/7y)>° and/or fast
local rotation of the Gd"' complex around its linker to the
nanoparticle. The effect of slow water exchange has recently been
studied in detail, and severa stable Gd complexes exhibiting fast
coordinated water exchange are currently available.?® The problem
of the poor mational coupling between the paramagnetic unit and
the nanoparticle is also highly relevant but in just a few cases it
has been explicitly considered.®

The aim of this study was the synthesis of a DOTA-like Gd"'
complex functionalized with two hydrophobic chains on adjacent
donor groups, endowing it with the ability to self-assemble into
micelles and be incorporated into liposomes. Zhang et al.®* clearly
demonstrated that the strategy of multisite interaction favors a
relaxivity enhancement resulting from increased immobilization of
the complex upon binding (Scheme 1A). In fact, the presence of
two aliphatic chains on adjacent acetic arms was expected to reduce
considerably the local rotational motion of the Gd" chelate
(described by the correlation time 7g) in comparison with the global
rotation of the nanoparticles (zrg). Four complexes were synthe-
sized for this purpose starting from 1,4-DO2A(OtBu), and
DO3A(OtBu)s.” These were then alkylated using an alkyl bromide
prepared in two steps from L-glutamic acid, affording DOTA
structures with one or two pendant glutamic acid arms, respectively,
that were then deprotected with TFA. The complexation was carried
out in aqueous media at pH 6, yielding the basic complexes
GdDOTAGA and GADOTAGA,. Amide coupling reactions with
dodecyl amine and HPLC purification yielded the desired am-
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Scheme 1. (A) Schematic Representation of Embedding of
Complexes GADOTAGAC;, (Bottom) and GADOTA(GAC,), (Top)
in a Lipid Bilayer; (B) Synthesis of the GADOTAGA; and
GdDOTA(GAC;,), Complexes?®

B
= |
H - A HC 2Hz5
H i -
H

DOTAGA GADOTAGA GdDOTAGAC;
H H
s o
o ] A
:)k_g‘
DOTAGA, GdDOTAGA; GdDOTA(GAC2)2

@ Reaction conditionsin (B): (i) GACls, H,O, pH 6; (ii) C12H2sNH,, DMF,
TNTU, DIPEA.

Table 1. Selected Refinement Parameters of the 1/T; NMRD
Profiles (298 K) for the Gd Complexes Discussed in This Work?®

DOTA? GA GA, GAC, (GAC12)2
ry 4.7 53 59 154 34.8
(mM—l S—l)c
= (pS) - - - 210+ 20 820 £ 110
Trg (PS) 774 814 9843 2900 £ 420 4700 £ 400
52 - 0.14 +£ 0.01 0.70 + 0.03

™ (NS) 251+7 128+9 108+ 8 220+ 8 297 + 12

a See the Supporting Information for full details. ® Data from ref 11.
€At 20 MHz (0.47 T).
phiphilic complexes GADOTAGAC;, and GADOTA(GAC,)
(Scheme 1B).

The solution NMR relaxometric study of GADOTAGA and
GdDOTAGA;, revedled that their properties are quite similar to those
of the parent GADOTA and related derivatives (Table 1).2*° In
particular, they retain one coordinated water molecule (g = 1). The
ability of the corresponding amphiphilic conjugates to self-assemble
into supramolecular structures was clearly evidenced in their NMR
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Figure 1. *H NMRD profiles expressed per Gd for micelles of GADOTA-
GACy, (¥) and GADOTA(GAC,), (®) at (red) 283, (black) 298, and (blue)
310 K.

dispersion (NMRD) profiles, which showed the characteristic peak
at ~20 MHz typica of dowly tumbling systems (Figure 1).
Dynamic light scattering (DLS) data showed a ~2-fold difference
in the mean diameter of these aggregates, giving 7 and 16 nm for
GdDOTAGAC;; and GADOTA(GAC,),, respectively. The NMRD
data for these complexes in the aggregated form at three temper-
atures were fitted using the Lipari—Szabo approach for the
description of the rotational dynamics.® The large difference in the
relaxivities of the two amphiphilic complexes (101% at 20 MHz
and 298 K) was mainly the result of their different order parameter
& (indicating the coupling between local and global motions) and
Tr Values, thus showing that the rotational flexibility was signifi-
cantly reduced for GADOTA(GAC,),. To the best of our knowl-
edge, the r; value of the latter complex [34.8 mM ! s at 298 K
and 20 MHz (0.5 T)] is the highest reported to date for Gd-based
paramagnetic micelles with g = 1.2 It should be noted that even
though the observed relaxivity increment was attenuated at higher
fields, extrapolation of the observed data suggested that a 35%
increment was still maintained at 128 MHz (3 T).

Next, the two amphiphilic complexes were incorporated into
liposomes. The phospholipids and the formulation used (85 mol %
DPPC, 5 mol % DSPE—PEG2000, 10 mol % Gd—chelate) were
chosen in order to prepare stealth nanovesicles similar to those
currently used as probes for MR molecular imaging protocols.*®
The liposomes were prepared using a thin-layer deposition/extrusion
technique, and their analysis using DL S showed that their diameters
were in the range 45—60 nm. The r; values of the complexes
embedded in liposomes were 17.0 and 40.0 mM 1 s71[298 K, 20
MHz (0.47 T)] for GADOTAGAC;, and GdDOTA(GAC,),,
respectively. The remarkable relaxivity gain observed (135% at 0.47
T; 99% at 1.41 T) for GADOTA(GAC;,), relative to the mono-
substituted derivative results from the strong reduction in the
flexibility of the system associated with the hindered local rotation
about the two aiphatic chains (Figure 2). These data can be
compared with related values for GADMPE—DTPA, a neutral
DTPA monoamide derivative carrying a fatty acid chain that
exhibits slow water exchange (r; = 12 at both 0.47 and 1.41 T).°
Next, we note that increasing the rate of water exchange resulted
in an enhancement of ry by 42%, whereas simultaneous optimization
of water exchange and local rotation increased the relaxivity by
~233% (Figure 2, left). A phantom-imaging experiment was carried
out to demonstrate how this relaxation enhancement translates into
image contrast. Solutions of the two complexes incorporated into
liposomes were imaged together with solutions of the commercially
used contrast agent Prohance (Figure 2).?2 The experiment clearly
showed that superior contrast was generated with GADOTA-
(GACy,), at concentrations equivalent to those of the other
complexes.
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Figure 2. (left) Relaxivity per Gd for liposomes based on GADMPE—DTPA,
GdDOTAGAC;, and GADOTA(GACy), a 20 MHz (0.47 T) and 60 MHz
(141 T). (right) T;-weighted multislice spin-echo phantom images (TR/
TE/NEX = 250/8/16) for solutions of (a) Prohance?® as a control and
liposomes of (b) GADOTAGAC;, and (c) GADOTA(GAC,), a 20, 40,
and 60 uM concentrations [298 K, 40 MHz (1 T)].

In summary, we have rationally designed a bis-substituted
GdDOTA derivative bearing two adjacent glutamic acid arms that
is amenable to conjugation to a variety of chemical moieties and/
or macromolecular scaffolds characterized by enhanced rotational
immobilization. Micelles and liposomes incorporating this para-
magnetic building unit show an unprecedented relaxivity enhance-
ment relative to the derivative bearing only a single glutamic acid
arm due to afavorable water exchange rate and optimized rotational
rigidity. In addition, these GADOTA derivatives are more stable
and much more kinetically inert than other Gd chelates typically
used in micelles and liposomes.*®
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