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ABSTRACT: Accurate measurement of the tissue pH in vivo
by MRI may be of clinical value for both diagnosis and
selection/monitoring of therapy. To act as pH reporters, MRI
contrast agents have to provide responsiveness to pH that does
not require prior knowledge of the actual concentration of the
contrast agent. This work deals with the use of a paramagnetic
gadolinium(III) complex, loaded into liposomes, whose
relaxometric properties are affected by the pH of the medium.
In this system, the amphiphilic metal complex, which contains
a moiety whose protonation changes the coordination
properties of the metal chelate, experiences a different
intraliposomial distribution depending on the pH conditions.
The pH of the solution can be unambiguously identified by
exploiting the peculiar characteristics of the resulting NMRD profiles, and a ratiometric pH-responsive method has been set up
by comparing the relaxation enhancement at different magnetic field strengths.

■ INTRODUCTION
Mapping the pH at the high spatial resolution of magnetic
resonance (MR) images is a task of considerable interest because
the pH appears to be an important biomarker in the diagnostic
assessment of diseases such as stroke, tumor, and infections. To
this purpose, several approaches have been undertaken.
(1) Use of paramagnetic metal complexes whose ability to

enhance the proton relaxation rate (commonly called relaxivity)
of their solution is pH-dependent. The most straightforward
approach relies on the design of chelating moieties that are
involved in a protonation/deprotonation step that yields to
changes in the denticity of the ligand. In turn, this results in
changes in the number of water molecules coordinated to the
paramagnetic metal ion. Some years ago, it was reported that
inclusion of a sulfonamide moiety in a macrocyclic ligand (Gd-
DO3Asa) can yield a gadolinium(III) chelate whose relaxivity is
pH-dependent as a consequence of a change in the hydration
state (q).1 Because the relaxivity of a paramagnetic metal
complex scales up with hydration of the metal ion, the relaxivity
of these types of complexes is dependent on the pH in a range of
values characteristic of the protonation/deprotonation step.
Alternatively, it has been shown that a pH-dependent relaxivity
can be obtained if the mobility of the paramagnetic complex is
affected by the pH of the solution.2 Other approaches dealing
with pH-dependent relaxivity changes of paramagnetic metal
complexes were based on changes in the second coordination
sphere.3 All of these approaches failed the in vivo translation
because of the need to know the local concentration of the

paramagnetic agent in order to pursue transformation of the
observed relaxation rates into relaxivity data. Without this
information, the detected changes in T1 could be ascribed either
to changes in the relaxivity or to changes in the local
concentration of the paramagnetic metal complex.
Routes have been proposed to overcome this drawback. For

example, through the setup of a poly(β-cyclodextrin)/19F/Gd-L
adduct in which the 19F-containing moiety reports on the
concentration of the MR-responsive gadolinium complex4 or,
more recently, of a dual MR imaging (MRI)/positron emission
tomography (PET) pH-responsive system, reported by Caravan
et al.,5 in which the local quantitation of the dual imaging agent is
provided by the PET moiety. A related MRI/SPECT agent for
mapping the pH has recently been reported in which the SPECT-
active moiety acts as a reporter of the concentration, thus
allowing transformation of the observed 1H relaxation rates into
relaxivities to recover the information relative to the pH
determination.6

(2) Use of chemical exchange saturation transfer (CEST)
agents containing two pools of exchangeable protons in the same
molecule whose exchange rate with the “bulk” water protons is
catalyzed to a different extent by the solution pH.7 The
comparison between the CEST effect generated by the selective
irradiation of each pool of exchangeable protons provides a
method for assessing the solution pH that is independent of the
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knowledge of the actual concentration of the CEST agent. For in
vivo translation, the method suffers from a limited sensitivity
because millimolar concentrations of the exchangeable proton
pools are required.
(3) Use of a hyperpolarized H13CO3

−/13CO2 mixture.8

Because the ratio between the two species is pH-dependent,
the detection of their ratio in a spectroscopic MR image allows
pH assessment. The method is not of general applicability
because only a very few laboratories are equipped with a very
expensive polarizer. Other experimental issues (e.g., line width of
13CO2) make unlike the translation of this method to the clinical
practice.
(4) pH-sensitive liposomes have also been reported.9

Liposomes are vesicles consisting of an aqueous inner cavity
surrounded by a double layer of phospholipids analogous to the
structure of cellular membranes. The permeability of the
phospholipid bilayers to water molecules can be well controlled
by modulating the phospholipid composition as well as with the
addition of cholesterol. pH-sensitive liposomes consist of
systems containing a paramagnetic metal complex in the inner
aqueous cavity, whereas their membrane is designed to give low
permeability to water molecules at neutral pH. These liposomes
are essentially MRI-silent at neutral pH, with a marked increase
of the water proton relaxation rates at acidic pH, where
protonation of a substituent of the lipidic components leads to
a change in the lipid organization. This change corresponds to
the release of the paramagnetic payload. Thus, as far as its use for
monitoring the pH is concerned, such a system does not appear
to be a suitable one because the lack of reversibility is clearly an
undesired property for this application.
Thus, a reliable, highly sensitive method for pH mapping in

MRI that acts independently from the knowledge of the actual
concentration of the pH-responsive probe appears definitively
useful and timely for the development of novel diagnostic
procedures based on in vivo pH mapping.
Herein we report results aimed at developing a new ratiometric

method based on inclusion of the Gd-DO3Asa complex in
liposomes. The amphiphilic metal complex, containing a moiety
whose protonation changes the coordination properties of the
metal chelate, experiences a different intraliposomial distribution
depending on the pH conditions. The ratiometric method
consists of measuring the pH dependence of the ratio between
the longitudinal paramagnetic contribution to the water proton
relaxation rates (R1p) at two different magnetic fields, thus
removing the concentration dependence of the MR signal.

■ EXPERIMENTAL SECTION
Liposome Preparation. Large unilamellar vesicles (LUVs) were

prepared by following the lipidic thin-film hydration method. Briefly, the
lipids (about 30 mg/mL in total including phospholipids and
cholesterol) were dissolved in chloroform, and the organic solution
was slowly evaporated to remove the solvent until a thin film was
formed. The film was then hydrated at 55 °C with neutral aqueous
solutions containing different concentrations (4, 8, and 32 mM) of the
pH-sensitive Gd-DO3Asa complex, 150 mM NaCl, and 2 mM
phosphate buffer. The resulting suspension of multilamellar vesicles
was extruded (Lipex extruder, Northern Lipids Inc., Burnaby, British
Columbia, Canada) two times through polycarbonate filters of 400 nm
and four times through 200 nm filters. The final suspension of LUV was
purified from the nonencapsulated gadolinium complex by exhaustive
dialysis carried out at 25 °C against an iso-osmolar NaCl solution. The
following phospholipidic membrane formulations have been used: (A)
70% POPC, 25% cholesterol, 5% PEG-2000-methoxy; (B) 35% POPC,
35% DPPC, 25% cholesterol, 5% PEG-2000-methoxy.

The pH values of the liposomes’ suspensions were changed (in the
pH range 5−7.4) by the slow addition of small amounts of concentrated
HCl and NaOH solutions.

Liposome Size Measurement. The vesicle dispersions were
diluted 100 times and investigated by DLS (Zetasizer NanoZS, Malvern,
U.K.) in order to assess the mean hydrodynamic diameter and the
polydispersity of the system. The polydispersity indices (PDIs) for all
liposomes used in this work were between 0.1 and 0.2.

Relaxometric Characterization. The longitudinal water proton
relaxation rate as a function of the pH was measured by using a Stelar
Spinmaster (Stelar, Mede, Pavia, Italy) spectrometer operating at 20
MHz, by means of the standard inversion−recovery technique. The
temperature was controlled with a Stelar VTC-91 airflow heater
equipped with a copper−constantan thermocouple (uncertainty 0.1
°C). The proton 1/T1 NMRD profiles were measured over a continuum
of magnetic field strength from 0.00024 to 0.47 T (corresponding to
0.01−20 MHz proton Larmor frequencies) on a Stelar field-cycling
relaxometer. The relaxometer works under complete computer control
with an absolute uncertainnty in 1/T1 of 1%. Data points from 0.47 T
(20 MHz) to 1.7 T (70 MHz) were collected on a Stelar Spinmaster
spectrometer working at variable field. The concentration of the
gadolinium complex solutions, for relaxometric characterization, was
determined by mineralizing a given quantity of the sample solution by
the addition of 37%HCl at 120 °C overnight. Frommeasurement of the
observed relaxation rate (R1obs) of the acidic solution and knowing the
relaxivity (r1p) of Gd

III aquaion in acidic conditions (13.5 mM−1 s−1), it
was possible to calculate the exact gadolinium(III) concentration (this
method was calibrated using standard ICP solutions, and the accuracy
was determined to be <1%).

MRI Investigations. MR images of a phantom consisting of five
tubes filled with liposome dispersions at different values of the
gadolinium(III) concentration and pH were measured on a Aspect
MRI scanner operating at 1 T and on a Esaote clinical scanner operating
at 0.2 T. T1-weighted images were acquired under the same conditions
for the two instruments by applying a routine spin−echo sequence with
TR/TE/NEX = 150/18/10, FOV 3× 3 cm2, and 1 slice 2 mm. T1 values
were measured using an inversion−recovery spin−echo sequence (TE =
8ms, 10 variable TR ranging from 40 to 4000ms, NEX = 7, FOV = 3× 3
cm2, 1 slice 2 mm).

■ RESULTS AND DISCUSSION

Relaxometric Analysis of Liposomes Containing the
Gd-DO3Asa Complex. It is well-known that amphiphilic metal
complexes can be incorporated in the liposome’s membrane
either when they are one of the components of the lipid film or
when they are dissolved in the hydration solution.
When the amphiphilic complex contains a GdIII ion, its

incorporation into the liposome’s membrane is witnessed by the
occurrence of a relaxation enhancement of water protons, which
is dependent on the applied magnetic field and characterized by a
typical “hump” at 35−40 MHz in the NMRD profile.10

In this work, liposomes loaded with the amphiphilic Gd-
DO3A derivative (Gd-DO3Asa) represented in Figure 1 have
been used. This complex was reported some years ago to display
a relaxivity dependence on the pH of its solutions because the
sulfonamide moiety, having pKa = 6.7, enters the metal
coordination cage only at relatively high pH values.1 Therefore,

Figure 1. Structural formula of the Gd-DO3Asa complex.
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Gd-DO3Asa displays high relaxivity at acidic pH values when the
gadolinium(III) coordination sphere may host up to two water
molecules and low relaxivity at basic pH values when the entering
of the deprotonated sulfonamide moiety into the coordination
scheme causes exclusion of any directly coordinated water
molecule (Scheme 1).

Liposomes endowed with different membrane water per-
meabilities [namely, for liposome A, 70% POPC, 25% Chol, 5%
PEG-2000-methoxy (higher permeability), and for liposome B,
35% POPC, 35% DPPC, 25% Chol, and 5% PEG-2000-methoxy
(lower permeability)] were loaded with the Gd-DO3Asa
complex through hydration of the lipidic film with solutions of
the gadolinium complex at 4 mM concentration and pH 7.
Measurements of their relaxivity as a function of the pH at 20

MHz and 298 K (Figure 2a) indicate that, upon entrapment in
the liposomes, the relaxivity of Gd-DO3Asa maintains the pH-
dependent behavior shown by the free complex. Moreover,
incorporation of the gadolinium complex into the liposome
membrane leads to an even steeper change in the relaxivity in the
pH range 5−7.5. The liposomes’ integrity as a function of the pH
variation was assessed by dynamic light scattering (DLS), and
diameters in the range 120−140 nm were invariantly determined
over the entire investigated pH range, indicating that the pH does
not cause fusion of liposomes, as reported for systems designed
to release their payload at acidic pH values.

A deeper understanding of the processes has been gained
through the acquisition and analysis of NMRDprofiles of the two
liposomes in the pH range 5−7.4 (Figure 3 and Table 1). For
comparison, the NMRD profile of the Gd-DO3Asa complex in
water at pH 5 was also recorded (Figure 2b, black squares).
The observed behavior could be, at least in part, accounted for

by a different distribution of the gadolinium complex between
the internal liposomal aqueous cavity and the phospholipidic
membrane. NMRD data were then fitted by using a theoretical
model based on the classical Solomon−Bloembergen−Morgan
equations11 modified to take into account the different
distributions of the gadolinium responsive agent in the liposomal
system and the water exchange rate across the liposome’s
membrane (Supporting Information). Such a model includes a
distribution factor ( f) that accounts for the fraction of
membrane-intercalated gadolinium complexes with respect to
the complexes simply encapsulated in the internal cavity and a
value (Pw) for the water permeability of the liposome’s
membrane. By using this model, two distinct sets of relaxometric
parameters (τR, τM, Δ2, τV, and q) have been considered for
encapsulated andmembrane-intercalated gadolinium complexes,
respectively.
Fitting of the experimental data for the free gadolinium

complex in aqueous solution (Figure 2b) and for the gadolinium
complex in the liposome, at different pH values, leads to
determination of a quite solid set of parameters. In fact, when
data measured under the same pH conditions are considered, the
obtained parameters for the main determinants of the observed
relaxivity for the encapsulated fraction of the gadolinium
complex are similar to those determined for the free complex.
With regards to the parameters relative to the membrane-
intercalated fraction, the following conclusions may be drawn: (i)
parameters governing the electronic relaxation times (Δ2 and τV)
are in the range of reported values for similar systems,12 (ii) the
reorientational correlation time (τR) is considerably increased
with respect to the value found for the free complex, as expected
on the basis of the slower motion of the liposomal vesicle; (iii)
the exchange lifetime of the coordinated water molecule (τM) is

Scheme 1. Graphical Representation of the pH-Dependent
Coordination Scheme of the Gd-DO3Asa Complex

Figure 2. (a) Proton longitudinal relaxivity as a function of the pHmeasured at 25 °C and 20MHz for free Gd-DO3Asa (■) and for liposomes including
4 mMGd-DO3Asa [(□)−70% POPC, 25% Chol, and 5% PEG-2000-methoxy; (★) 35% POPC, 35%DPPC, 25% Chol, and 5% PEG-2000-methoxy].
The observed relaxation rates are normalized to 1 mM concentration of gadolinium(III). (b) Proton longitudinal relaxivity as a function of the applied
magnetic field measured at 25 °C and pH 5 for free Gd-DO3Asa (■) and for liposomes (70% POPC, 25% Chol, 5% PEG-2000-methoxy) including 4
mM (Δ), 8 mM (○), and 32 mM (□) Gd-DO3Asa.
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slowed upon intercalation of the gadolinium complex in the
bilayer membrane.
Upon inspection of the data reported in Table 1, it comes out

that, while some of the principal relaxometric parameters (τR, τM,
Δ2, and τV) do not change in a significative way by changing the

pH of the liposomes’ suspensions, on going from acidic to basic
pH, there is a progressive reduction of the number of inner-
sphere water molecules (q) and a concomitant reduction of the
fraction of intercalated gadolinium complexes over the
encapsulated ones ( f). In the used model, the number of

Figure 3. (a) Proton longitudinal relaxivity as a function of the appliedmagnetic fieldmeasured at 25 °C for liposomes (70% POPC, 25%Chol, 5% PEG-
2000-methoxy) including 4 mM Gd-DO3Asa in different pH conditions in the range 5.1−7.4. (b) Proton longitudinal relaxivity as a function of the
applied magnetic field measured at 25 °C for liposomes (35% POPC, 35% DPPC, 25% Chol, 5% PEG2000 Methoxy) including 4 mM Gd-DO3Asa in
different pH conditions in the range 5.1−7.2. The observed relaxation rates are normalized to 1 mM concentration of gadolinium(III).

Table 1. Principal Relaxometric Parameters Obtained from Fitting of the NMRD Profiles Reported in Figures 2 and 3

(A) Liposome Membrane Composition: 70% POPC, 25% Chol, and 5% PEG-2000-methoxy

liposomes

Gd-DO3Asa at pH 5 pH 5.1 pH 5.4 pH 5.9 pH 6.4 pH 6.9 pH 7.4

Δ2 × 1019 (s−2) cavity 2.30 ± 0.71 3.00 ± 0.52 2.05 ± 0.55 1.77 ± 0.48 1.58 ± 0.62 1.53 ± 0.63 2.21 ± 0.58
membrane 1.54 ± 0.23 1.23 ± 0.11 1.17 ± 0.23 1.21 ± 0.31 1.01 ± 0.14 1.38 ± 0.24

τV (ps) cavity 25.5 ± 1.8 28.6 ± 2.3 27.2 ± 1.8 25.0 ± 2.4 29.4 ± 2.8 30.1 ± 2.9 35.4 ± 3.1
membrane 22.4 ± 1.8 23.9 ± 2.0 24.8 ± 1.9 25.4 ± 2.1 26.5 ± 2.5 25.7 ± 2.3

τR (ps) cavity 94.0 ± 2.6 85.0 ± 1.6 95.0 ± 2.1 85.3 ± 3.1 84.6 ± 1.8 95.2 ± 2.2 95.0 ± 2.4
membrane 3021 ± 32 3048 ± 18 3070 ± 22 2983 ± 24 3050 ± 32 3240 ± 48

τM (ns) cavity 94.0 ± 2.1 94a 94a 94a 94a 94a 94a

membrane 305 ± 15 293 ± 8.5 242 ± 10 300 ± 22 90 ± 6.2 90 ± 5.8
q cavity 2a 2a 2a 1.7a 1.2a 0.7a 0.4a

membrane 1a 0.7a 0.6a 0.5a 0.25a 0.15a

f 0.7 ± 0.055 0.5 ± 0.032 0.4 ± 0.071 0.4 ± 0.060 0.3 ± 0.013 0.2 ± 0.012
Pw × 10‑5(cm s−1) 140 ± 8.5 147 ± 10 150 ± 9.3 156 ± 8.6 148 ± 8.4 150 ± 7.3

(B) Liposome Membrane Composition: 35% POPC, 35% DPPC, 25% Chol, and 5% PEG-2000-methoxy

liposomes

pH 5.1 pH 5.6 pH 6.2 pH 6.7 pH 7.2

Δ2 × 1019 (s−2) cavity 2.97 ± 0.44 4.83 ± 0.32 4.00 ± 0.52 4.00 ± 0.27 3.05 ± 0.30
membrane 2.49 ± 0.51 1.97 ± 0.22 1.97 ± 0.31 1.64 ± 0.18 1.00 ± 0.12

τV (ps) cavity 18.2 ± 1.5 22.4 ± 2.3 19.6 ± 1.8 20.7 ± 2.1 19.4 ± 1.6
membrane 26.4 ± 2.3 29.4 ± 2.5 30.0 ± 1.8 29.8 ± 2.3 28.3 ± 1.9

τR (ps) cavity 93.5 ± 4.2 85.2 ± 3.1 85.6 ± 3.6 87.3 ± 2.8 95.0 ± 4.1
membrane 3037 ± 48 2988 ± 25 3150 ± 51 3012 ± 36 3028 ± 12

τM (ns) cavity 94.0a 94.0a 94.0a 94.0a 94.0a

membrane 301 ± 10 315 ± 8.3 296 ± 12 306 ± 7.3 96.0 ± 4.5
q cavity 2a 2a 1.5a 0.8a 0.4a

membrane 1a 0.7a 0.5a 0.3a 0.2a

f 0.7 ± 0.028 0.5 ± 0.022 0.3 ± 0.011 0.2 ± 0.015 0.1 ± 0.08
Pw × 10−5(cm s−1) 146 ± 8.2 100 ± 3.4 70.0 ± 2.6 54.5 ± 1.8 30.0 ± 1.6

aFixed during the fitting procedure.
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inner-sphere water molecules is not an output parameter, but it
has to be fixed as an input constant. The best fitting of
experimental data has been obtained by decreasing the q value as
a function of increasing pH of the solutions.
Both q and f are responsible for the relaxivity decrease

observed on going from pH 5 to 7. Moreover, in the case of
formulation B (DPPC/POPC), also the liposome’s permeability
changes as a function of the pH. It is known that the use of
saturated phospholipids (i.e., DPPC), in the vesicles formulation,
reduces the permeability to water.13 The progressive increase of
intercalated Gd-DO3Asa complexes, obtained as a consequence
of the medium acidification, causes an increase in the water
permeability (Pw) that, at pH 5, reaches a value that is very close
to that of the highly permeable liposome A.
A similar effect was observed by Terreno et al. in a related

work.14

Another important finding deals with the reduction of inner-
sphere water molecules of the membrane-incorporated gadoli-
nium complexes with respect to the encapsulated ones. In fact, at
pH 5, for both liposome formulations, the best fitting of the
NMRD profiles has been obtained by imposing only one inner-
sphere water molecule for the membrane-incorporated species.
In summary, the observed decrease in relaxivity on going from

acidic to basic pH appears to be ascribable to a complex interplay
of three factors: (1) a change in the inner-sphere hydration of the
gadolinium complex (lower hydration on going from pH 5 to
7.4); (2) a change in the intraliposomial distribution of the
gadolinium complex (higher fraction of membrane-incorporated
probe at acidic pH, which leads to a higher molecular
reorientational time (τR) of the system); (3) in the case of
POPC/DPPC-containing liposomes, a change in the vesicle
membrane permeability to water (Pw) caused by the different
distributions of the gadolinium complex between the cavity and
membrane as a function of the pH (higher water permeability at
acidic pH).
Further support to the hypothesis of an acid-driven insertion

of Gd-DO3Asa in the phospholipidic membrane was found in
analysis of the NMRD profiles acquired on liposomes
(formulation A) containing different concentrations of Gd-
DO3Asa and normalized to the 1 mM concentration of
gadolinium(III) (Figure 2b). Increasing the concentration of
Gd-DO3Asa in the solution used for hydration of the lipidic film,
the relaxivity decreases along the entire range of investigated

frequencies and particularly in the high-field region. This
behavior may be accounted for in terms of a differential
distribution of the gadolinium complex between the internal
liposomal aqueous cavity and the phospholipidic membrane; i.e.,
the molar fraction of the “free” gadolinium complex is higher
when its total concentration is higher. NMRD data were fitted
according to the same model as that used for data reported in
Figure 3.
For all of the liposomial formulations, the obtained

relaxometric parameters relative to the encapsulated fraction of
the gadolinium complex are similar to those determined for the
free complex, whereas the parameters relative to the membrane-
incorporated fraction are almost identical in all considered
systems (see Table 2). The elongation in the τR and τM
parameters, for the membrane-incorporated species, observed
for the 4 mM formulation, was also confirmed when the
concentration of the hydration solutions was brought to 8 and 32
mM. From the results of the fitting procedure, it appears that the
membrane-incorporated gadolinium complexes lose one of the
coordinated inner-sphere water molecules, giving a q = 1 system
also at acidic pH (pH 5). Pw values found for the three liposomes
are in the range (100−140) × 10−5 cm s−1 of reported values for
liposomes with similar membrane composition.14 The consistent
variation in the relaxivity values of liposomes loaded with 4, 8,
and 32 mM Gd-DO3Asa may be then substantially ascribed to
differences in the cavity−membrane distribution of the
gadolinium complexes because the distribution factor f steadily
decreases from 0.7 to 0.4 and 0.3 upon an increase in the
concentration of the paramagnetic complex.
On the basis of these findings, one may envisage a process that,

upon protonation of the sulfonamide moiety and the consequent
removal of the arm from the coordination cage of the
gadolinium(III) ion, prompts the lipophilic substituent to enter
more deeply into the liposomial membrane. One may further
speculate that this movement brings the Gd-DO3Amoiety closer
to the phosphate ester heads of the phospholipidic components
of the liposomes membrane, which, upon entering the
coordination cage of the gadolinium(III) ion, leads to the
observed reduction (from q = 2 to 1) of the number of inner-
sphere water molecules. This process could also be responsible
for the observed elongation of the exchange lifetime (τM) of the
remaining water molecule, which, with the complex being
inserted into the bilayer membrane, could be more hampered in

Table 2. Principal Relaxometric Parameters of the Different Gd-DO3Asa-Containing Systems Determined by NMRD Analysis of
Data Reported in Figure 2b (pH 5, 25 °C)

aqueous Gd-
DO3Asa

liposomial Gd-DO3Asa (4
mM)

liposomial Gd-DO3Asa I (8
mM)

liposomial Gd-DO3Asa (32
mM)

r1p (at 20 MHz; mM−1 s−1) 8.0 17.7 12.9 11.2
Δ2 × 1019 (s−2) cavity 2.30 ± 0.71 3.05 ± 0.52 7.41 ± 0.82 3.38 ± 0.52

membrane 1.54 ± 0.23 1.45 ± 0.16 0.99 ± 0.12
τV (ps) cavity 25.5 ± 1.8 28.6 ± 2.3 21.0 ± 0.8 29.7 ± 1.6

membrane 22.4 ± 1.8 19.8 ± 1.6 28.1 ± 2.1
τR (ps) cavity 94.0 ± 2.6 85.0 ± 3.6 80.4 ± 2.4 91.1 ± 5.1

membrane 3021 ± 32 3048 ± 12 3100 ± 18
τM (ns) cavity 94.0 ± 2.1 94.0a 94.0a 94.0a

membrane 305 ± 15 286 ± 8.5 250 ± 11
q cavity 2a 2a 2a 2a

membrane 1a 1a 1a

f 0.7 ± 0.080 0.4 ± 0.025 0.3 ± 0.014
Pw × 10−5(cm s−1) 140 ± 8.5 100 ± 10 120 ± 6.4
aFixed during the fitting procedure.
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its exchange with solvent water molecules. The Gd-DO3A
chelate, and several of its derivatives, are, in fact, known to form
ternary complexes with oxygen-donor ligands.1,15

Setup of the Ratiometric Method for the Concen-
tration-Independent MRI pH-Reporting System. Through
exploitation of the differences in the characteristic shapes of the
NMRD profiles associated with suspensions of liposomes A and
B as a function of the pH (Figure 3), it was deemed of interest to
set up a ratiometric method to make their pH responsiveness
independent from the concentration of the gadolinium complex.
The ratio between the paramagnetic contribution to the
observed relaxation rates (eqs 1 and 2) at two different magnetic
fields [namely, 1 T (40 MHz) and 0.2 T (8.5 MHz)] is, in fact,
independent of the concentration of the gadolinium probe (eq 3)
but depends (with a monoexponential correlation) on the actual
pH of the solution, as depicted in Figure 4.

= − = ×R R R r(1 T) (1 T) (1 T) [Gd]1p 1obs 1d 1p (1)

= − = ×R R R r(0.2 T) (0.2 T) (0.2 T) [Gd]1p 1obs 1d 1p

(2)

=R R r r(1 T)/ (0.2 T) (1 T)/ (0.2 T)1p 1p 1p 1p (3)

By a decrease of the pH, the NMRD profiles of Gd-DO3Asa-
loaded liposomes display a progressively higher relaxivity peak
centered at 40 MHz, which, in turn, affects the value of the ratio
reported in eq 3.

The proof of concept was acquired on a phantom consisting of
five tubes containing suspensions of liposome (membrane
formulation B, hydrated with 4 mM Gd-DO3Asa) at different
dilutions and pH values. The phantomwas imaged at 1 and 0.2 T.
T1 relaxation rates of all the solutions were also measured by
means of a standard inversion−recovery sequence. The phantom
composition was as follows: (1) water; (2) gadolinium(III) total
concentration = 0.063 mM, pH 5.50; (3) gadolinium(III) total
concentration = 0.104 mM, pH 5.74; (4) gadolinium(III) total
concentration = 0.190 mM, pH 6.7; (5) gadolinium(III) total
concentration = 0.260 mM, pH 7.3.
When T1-weighted

1HMR images at 1 and 0.2 T are acquired,
the obtained signal intensities (Figure 5a,b) are not informative
on the pH values of the solutions contained in the 2−5 capillaries.
Conversely, upon division of the signal intensities of the image
recorded at 1 T by the signal intensity values measured at 0.2 T,
an image that restores the relationship between the signal
intensity and pH values is obtained, as is shown in Figure 5c.
Finally, through the use of the relationship between the R1p(1

T)/R1p(0.2 T) and pH (Figure 4b), the MR imaging data may be
analyzed to get an estimation of the pH of the five samples.
Figure 6 shows a good correspondence between the pH
measured by a pH electrode and the values determined by this
ratiometric method (error ca. 3.5%).

Figure 4. Exponential dependence of the ratio of observed relaxation rates at 1 and 0.2 T from the pH of solutions containing liposomes A (a) and B (b).

Figure 5.MR images of a phantom containing five different solutions as referred to in the text. (a) T1-weighted spin−echo 1HMR image acquired at 1 T
[TR/TE/NEX (150/18/10), FOV 3 × 3 cm2, 1 slice 2 mm]. (b) T1-weighted spin−echo 1HMR image acquired at 0.2 T [TR/TE/NEX (150/18/30),
FOV 3 × 3 cm2, 1 slice 5 mm]. (c) T1-weighted spin−echo 1H MR image acquired at 1 T and divided for the signal intensities measured at 0.2 T. The
color scale bar refers to the signal intensities.
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■ CONCLUSION

The detailed relaxometric analysis of the NMRD profiles of Gd-
DO3Asa-loaded liposome suspensions has allowed us to get an
in-depth knowledge of the behavior of the amphiphilic, pH-
responsive complex that distributes between the inner aqueous
cavity and the liposomial membrane. It has been found that, upon
protonation of the sulfonamide moiety, the neutral complex
increases its affinity toward the lipophilic liposome’s membrane
and shifts more inside the phospholipid bilayer. This shift is
accompanied by an increased water permeability across the
liposomial membrane and a decreased hydration of the
gadolinium(III) center. It is summarized that the latter effect
may be accounted for in terms of the involvement of donor atoms
from the phospholipid polar heads.
Importantly, Gd-DO3Asa-loaded liposomes maintain the pH

responsiveness of the unbound paramagnetic complex, and their
relaxivities are markedly affected by the magnetic field strength.
This finding has prompted the setup of a ratiometric method for
measurement of the pH based on a comparison of the relaxation
effects at different magnetic fields. The proposed method adds to
the available approaches to map the pH by MRI and offers an
alternative tool for accessing measurement of the pH without
prior knowledge of the concentration of the paramagnetic agent.
Moreover, the surface of the liposomes can be further

functionalized to host vectors that endow the supramolecular
adduct with targeting as well as multimodal capabilities for
innovative applications in the field of medical diagnosis and
imaging-guided therapies.
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