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The use of contrast agents (CAs) has been introduced about
25 years ago.! Since then, a number of paramagnetic
gadolinium(III) complexes have been proposed to tackle
relevant bio-medical issues by endowing the systems with
targeting and responsive capabilities.”) Responsive agents
suffer from the drawback that the exploitation of the
responsiveness of their relaxivity towards given physico-
chemical parameters requires the knowledge of the actual
concentration of the agent in the region of interest.’! This
drawback may be overcome by exploiting the frequency-
encoding contrast that can be generated by chemical
exchange saturation transfer (CEST) agents.*! In fact, it
has been demonstrated that such probes may allow the
detection of a concentration independent magnetic resonance
imaging (MRI) response by means of ratiometric approaches.
The latter require the design of agents provided with two
pools of exchanging protons that show a different dependence
of their CEST properties (e.g. exchange rate or chemical
shift) toward the pH value of interest. Alterations of the
pH values are involved in several pathological states, and,
consequently, there is a high demand for developing in vivo
protocols to monitor pH values. Within the field of CEST
agents, this task has been so far addressed by using either
diamagnetic or paramagnetic agents.*”) The use of the latter
class of agents (ParaCEST) is particularly useful because the
larger chemical shift separation present in paramagnetic
complexes allows the exploration of faster proton-exchange
rates, that, in turn, may result into a marked sensitivity
enhancement. ParaCEST agents have also been investigated
as temperature reporters that exploit the effects of the
exchange rates!'”! or chemical shift '/l of the mobile protons,
and the overall stability of the agents.”? As it might be of
interest (e.g. for imaging-guided hyperthermia treatments) to
assess simultaneously pH and temperature, it has been
deemed of relevance to merge the two responses into the
same compound. To select a system with a good potential for a
clinical translation, the choice has been directed toward Ln'"-
HPDO3A complexes (HPDO3A =10-(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid) in virtue
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of the successful clinical use of Gd"-HPDO3A (ProHance).
Thus, Ln"™-HPDO3A complexes should have thermodynamic
and kinetic stabilities, in vivo distribution, and excretion
properties very similar to those shown by ProHance.
Recently, it has been demonstrated that hydroxylic protons
can be successfully used for generating CEST contrast when
they are close enough to the paramagnetic center.'>'¥ Hence,
as the exchange rate of such protons is expected to be pH
dependent, these chelates may act as pH sensitive ParaCEST
agents.

Concerning the choice of the lanthanide, it has been
reported that, when the mobile pool is different from metal
coordinated water protons, Yb™ is the most efficient ion
because of to the good compromise between shifting ability
and T, shortening."”"! Hence, the Yb"-HPDO3A complex
was selected for achieving the purpose of this work. The
'"H NMR spectrum of this complex (Figure 1) indicates the
presence in solution of two species that strongly differ in the
line width of their resonances.
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Figure 1. 600 MHz 'H NMR spectrum of Yb"-HPDO3A at 5°C in D,O.

In principle, this macrocyclic complex may be present in
solution as eight isomeric forms that differ in the layout of the
acetate arms, in the conformation of the macrocyclic ring, and
in the configuration of the chiral center (R or S; Scheme 1).

Among the possible eight isomers, only four diastereo-
isomers can be distinguished in the NMR spectrum, and
among them, only two were detected. Because NMR experi-
ments performed at different temperatures suggested that the
isomers do not interconvert, it is likely that the two isomers
correspond to the R and S forms of the same conformer,
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Scheme 1. Schematic representation of the isomeric forms of
Yb"-HPDO3A in solution.

respectively. The signals that belong to the hydroxyl groups of
these isomers were assigned upon comparison of the NMR
spectra recorded in water and D,O, respectively. At pH 5 and
20°C, the hydroxyl proton that belongs to the most shifted
isomer resonates at 0 =99 ppm from water, and can be barely
detected in the NMR spectrum, while the OH group that
belongs to the less shifted isomer absorbs at d =71 ppm from
bulk water (Figure 2).

Figure 3 reports the Z-spectra (i.e. the intensity of the
water signal as a function of the saturation frequency offset)
acquired at 20°C and 37°C for a 20 mm solution of Yb™-
HPDO3A (7T, pH7.3). Both spectra clearly show the
presence of the two exchanging pools that belong to the
OH protons of the two isomers.
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Figure 2. 600 MHz 'H NMR spectra of Yb"-HPDO3A in D,O and H,0
(20°C, pH 5.0).
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Figure 3. Z-spectra of Yb"-HPDO3A at 20°C and 37°C (7 T, 20 mm,
pH 7.3, irradiation power 24 pT).

This finding allows to exploit the two signals to set up a
ratiometric calibration that will report about the pH values
irrespective of the probe concentration (Figure 4). This is the
first example in which the ratiometric method involves mobile
pools belonging to two isomers of the same molecule.
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Figure 4. Average and standard deviation of the ratiometric values
obtained from three samples of Yb"-HPDO3A (5 mm, 10 mm, and
20 mwm) at different pH and temperature values.

The results obtained suggest that an accurate pH deter-
mination can be only done in the range 6.5-8.0 at 20°C and
5.0-7.0 at 37°C.

The determination of the temperature can be done
independently by exploiting the high temperature sensitivity
displayed by the lanthanide-induced shift,""! which is also
unaffected by the pH value. Figure 5 reports the variation of
the chemical shift of the hydroxylic protons of Yb™-
HPDO3A obtained from the analysis of Z-spectra acquired
at different temperatures.

The proof-of-concept on the ability of this CEST agent to
simultaneously report about pH and temperature is shown in
Figure 6. A phantom containing 14 capillaries filled with
solutions of Yb"-HPDO3 A either at different pH values or
at different concentrations was subjected to a MRI inves-
tigation. By acquiring the Z-spectrum, it was possible either to
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Figure 5. Temperature dependence of the chemical shift of the hydrox-
ylic protons for the two isomers.
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Figure 6. MR images of a phantom containing 14 capillaries contain-
ing Yb"-HPDO3A either at different pH or concentration values. a) T,,
image, tubes from one to eleven contain a 20 mm solution of Yb-
HPDO?3A at increasing pH values (5.2, 5.8, 6.1, 6.4, 6.7, 7.0, 7.3, 7.6,
7.9, 8.3, 8.8) while tube twelve contains Yb"-HPDO3A 10 mm at

pH 7.0, tube thirteen contains Yb"-HPDO3A 5 mm at pH 7.0, tube
fourteen contains Yb"-HPDO3A 3 mwm at pH 7.0. b) CEST map
acquired on the same phantom after irradiating the frequency corre-
sponding to 0 =71 ppm; c) CEST map acquired on the same phantom
after irradiating the frequency corresponding to 6 =99 ppm; d) ratio-
metric map image. The experiments have been performed at 20°C.

determine the temperature of the sample from the chemical
shift of the OH groups or measure the pH according to the
ratiometric calibration curves shown in Figure 4.

In summary, Yb"™-HPDO3A, which is present in solution
as two major isomeric forms, acts as prototype of a new family
of multi-responsive CEST agents. Moreover, Yb™-HPDO3A,
as a ParaCEST agent, is effective at quite low concentrations
(2 mMm), a property that, together with the expected high
tolerability, makes this agent particularly suitable for clinical
translation.

Experimental Section
The HPDO3A ligand has been kindly gifted from Bracco Imaging
S.p.A. (Colleretto Giacosa (TO), Italy). Yb,O; was purchased from

Sigma-Aldrich. Yb™-HPDO3A was prepared by mixing in a stoi-
chiometric ratio the lanthanide oxide and the ligand (1:2 molar ratio)
in water and letting the mixture react for two weeks under stirring and
heating at (80°C). High resolution "H NMR spectra were recorded on
a Bruker Avance 600 spectrometer. CEST-MRI experiments were
performed at 7 Ton a Bruker Avance 300 spectrometer equipped with
a Micro2.5 microimaging probe. A RARE spin-echo sequence (rare
factor 64) with an echo time of 3.3 ms and a repetition time of 5 s was
used (Isotropic field of view 10 mm, acquisition matrix 64 x 64). The
sequence was preceded by a saturation scheme consisting of a
rectangular pulse (2 s long) with a RF intensity of 24 pT. Z-spectra
were successively analyzed by using a home-made software compiled
in MATLAB platform." The total paramagnetic concentration of
the solution was determined by measuring the bulk magnetic
susceptibility of the solution on a Bruker Avance 600 spectrometer
(14 T). Ratiometric values at each pH value have been calculated on
three samples (5 mM, 10 mm, and 20 mM, respectively) as described in
the literature.["*
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