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Gd(lll)-based paramagnetic complexes are currently used asdetermined byry, 7c, andwy values, but it is independent of the
contrast agents for MRI investigatioh§.heir contrast-enhancing  concentration of the paramagnetic agent.
ability is usually assessed by measuring their longitudinal relaxivity A theoretical simulation, based on egs?2, indicates that at the
(r1), which represents the relaxation enhancement of water protonsmagnetic field strengths available in MR+0.2 T), theRyy/Ryp
in solutions containing the paramagnetic agent at 1 mM concentra- ratio starts to be sensitive to the rotational mobility of the Gd(lll)
tion. The higher the relaxivity, the larger the signal enhancement complex only forzs values longer than 0.5 ns (Figure 1).
detected in the corresponding-weighted images. The most It is noteworthy that, at a fixed magnetic field strength,and
distinctive property of this class of agents relies on the fact that, 7, have an opposite effect on tiRy/Ry, ratio. In fact,zr affects
by properly designing the contrast agent, its relaxivity may be made the Ryy/Ryp, ratio through its effect onc and consequently ofiy
dependent upon a specific physicochemical characteristic of the (i = 1,2), whereasry influences theR,/Ry, term through the
microenvironment in which it distributes. Several systems have been|imiting effect onR, via the [Tiw + 7v) terms. On the basis of the
reported whose relaxivity is made dependent on pH, temperature,available theory and in order to be effective as ratiometric
Po2, enzymatic activity, ion and metabolite concentrations, respec- responsive probe, a Gd(lll) complex must havesavalue>1 ns,
tively.2 However, such peculiar responsive properties have not beenand furthermore, the rotational mobility and/or the residence lifetime
properly exploited in practice, because the in vivo MRI response of the metal-bound water molecule/s must be dependent on the
cannot be unambiguously ascribed to a change in the relaxationparameter of interest. To validate this approach, we investigated
rates if the actual concentration of the paramagnetic complex is the pH responsiveness of a macromolecular adduct based on poly-
unknown. So far, this problem has been tackled by an indirect | -grnithine whose terminal amino groups have been partly func-
determination of the local concentration of the agent by using a tionalized with a macrocyclic Gd(lll) complex by using a squarate
reference compound whose relaxivity is not dependent on the mojety as a linker ((GdDOTAamg)—Ornyg, Chart 1). The pH
parameter of interedtThe practical limits of the latter approach responsiveness, in terms &, of an analogous paramagnetic
demands the design of improved responsive probes. macromolecule was already asseé$sech consequence of a change

In this communication, we propose a novel method based on ain the molecular reorientational time caused by a reversible, pH-
ratiometric approach that consists of measuring the ratio betweendependent transition betweerhelical and random coil conforma-
the transverse and the longitudinal paramagnetic contribution to tjgn.
the water protons relaxation rate, i.&s/Ry, For an aqueous The latter structure, caused by the electrostatic repulsion between
solution of a Gd(lIl) complex containing one labile water molecule  the positively charged amino groups of the side chains, is stable at
coordinated to the metal center, the inner-sphere contribution to pH < 9, whereas at higher pH values the deprotonation of the amino
the paramagnetic water proton relaxation rates at magnetic field groups promotes the formation of toehelical conformatiors.
strength higher than 0.2 T is commonly described by the following Figure 2 reports the magnetic field dependence (in the6DD
equations: MHz range) of the paramagnetic contribution to the longitudinal
and transverse relaxation rates at pH 7, 10, and 12, of a solution of

R ~ Py =’i:§KD'P_ Tc ) [(GADOTAamys;—Ormyg. The Ry, enhancement observed upon
i Timttw Tiv 15 8 |14+ 022 increasing pH (in the 16100 MHz range) is a clear evidence of
H HC the reduction of the rotational mobility of the adduct. From the

R Py 1 1 KPP A+ 3¢ @ analysis of the magnetic field dependence (from 0.01 to 600 MHz)
~— = = T . . . .

2 T, +1y Ty 15 rg c war(z; carried out by using the available theory of the paramagnetic

relaxation, implemented with the LiparBzabo model, global
reorientational times (at 2%) of 1.0, 1.7, and 3.6 ns were obtained
at pH 7, 10, and 12, respectively. A similar trend was also observed
for the local reorientation motion of the complex (0.23, 0.27, and
0.52 ns, respectively, order paramegr= 0.6). Also theR,, values

are pH dependent, but differently froRy, they are almost field-
independent, and consequently, the pH dependenc&pfis
maintained even at high fields.

The data reported in Figure 2 unambiguously show that: (i) the
Ro/Ryp ratio is directly related to the magnetic field strength and
" Dipartimento di Chimica IFM and Molecular Imaging Center. _(ii) the PH resDO_nSiveness of the “re!a_xometric ratip” imp_roves upon
* Laboratorio Integrato di Metodologie Avanzate. increasing the field. To test the validity of the ratiometric method,

wherePy, is the molar fraction of water protons bound to Gd(lll)
ion (equal to [GdL]/55.6)zy is their residence lifetimey their
distance from the metal centes, their Larmor frequency (rad™?),

and ¢ their molecular correlation timerg' = 7,," + 75" + 779
with g = rotational correlation time and;s = longitudinal
electronic relaxation time)XP'” is a constant value (3.880 42
mS-s72) related to the dipolar interaction between the electron and
the nuclear spins. From eqs-2, it is clear that théxy/Ry, ratio is
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Figure 3. (Left) Dependence of the relaxometric ratio on the concentration
1 T T of Gd(lIl) for [(GADOTAam)3—Ornyg at four pH values: pH 7 (squares),
1 10 pH 8.5 (circles), pH 10 (triangles), and pH 12 (diamonds) (600 MHz. 25
Magnetic field (T) °C). (Right) Corresponding pH dependence of the relaxometric ratio

Figure 1. CalculatedR;y/Ryp values as a function of magnetic field strength calculated from the data point reported on the left.

E)rzalggcgmole_cular Gd(lll) complexj(= 1,1 = 3 A, 7y = 200 ns,A? reported in the left side. The error in the pH reading is estimated
=2 s 2, v = 10 ps) endowed withr values in the 0.510 ns range. to be around0.1.

35- From the analysis of the data reported in Figure 3, the increase
of the Ry/Ryp values upon increasing pH is mainly determined by
the significant involvement ot in determining the transverse
relaxation rate. LargeR,y/Ryp values could have been obtained in
the presence of larger molecular reorientational time and faster
exchange rate of the water molecule coordinated to the Gd(lll) ion
(a v of 0.9 us has been calculated at 2& from 7O NMR
measurements).

In conclusion, the results reported in this communication show
that the long-standing problem of developing Gd(lll)-based MRI
10 100 1000 agents whose responsiveness is independent from their absolute
concentration could now be tackled by the proper design of a slow-
Figure 2. Magnetic field dependence &, (filled symbols) andRz, (open tumbling paramagnetic comple_x whose .rotatlonal mobility, Water_
symbols) measured at & and 600 MHz for a solution containing the ~ €Xchange rate, and/or electronic relaxation rates are made specif-
Gd(lll)-based poly=-ornithine adduct ([GdE 1 mM). pH 7 (squares), pH ically dependent on the parameter of interest. Until now, the
10 (circles), and pH 12 (triangles). acquisition of parametric MR images was thought to be the domain
of the new class of CEST ager§t$he finding that Gd-complexes
may also be made suitable for this purpose is particularly valuable

Larmor Proton Frequency (MHz)

Chart 1. Ratiometric pH-Responsive Probe Investigated

00—~/ /0 in view of the outstanding sensitivity shown by such relaxation
[N . d3*Nj agents.
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