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Abstract

To date, Gd(III) based contrast agents are commonly used in MR-medical imaging. In the last 15 years, our overall goal has been to develop
targeting and responsive Gd(III) containing probes for innovative magnetic resonance imaging (MRI) applications. Understanding the relationships
between structure and dynamics of lanthanide(III) chelates has been fundamental for the development of high sensitive Gd(III) based agents.
Moreover, the observed relaxivity may act as a reporter of a specific parameter of the microenvironment in which the contrast agent distributes by
using properly designed systems in which one structural or motional parameter is affected by the parameter of interest.

From targeting human serum albumin for the development of angiographic agents, our research efforts are now addressing the visualization of
molecules (characterizing diseased states) that are present at much lower concentration. By different routes, it has become possible to visualize, in
an MR image, cells that have been labeled with Gd(III) chelates.

Finally, the shift properties of paramagnetic lanthanide(III) complexes (Ln �= Gd) have been exploited for designing a novel class of contrast
agents based on the transfer of saturated magnetization to the bulk water signal from exchangeable protons on the contrast agent molecules (chemical
exchange saturation transfer (CEST) agents) or from water molecules interacting with a lanthanide shift reagent.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The superb spatial resolution and the outstanding capacity of
differentiating soft tissues have determined the widespread suc-
cess of magnetic resonance imaging (MRI) in clinical diagnosis
[1,2]. The contrast in an MR image is the result of a complex
interplay of numerous factors, including the relative T1 and T2
relaxation times, proton density of the imaged tissues and instru-
mental parameters.

The MR image contrast can be further enhanced by admin-
istration of suitable MRI contrast agents (CA). In fact, it
was shown that CA causes a dramatic variation of the water
proton relaxation rates, thus providing physiological informa-
tion beyond the impressive anatomical resolution commonly
obtained in the uncontrasted images. CA are widely used clin-
ically to assess organ perfusion, disruption of the blood–brain
barrier, occurrence of abnormalities in kidney clearance, and
circulation issues.

Several other applications, primarily in the field of tumor
targeting, are currently under advanced development with the
promise of soon being available in clinical practice. Nowadays,
about 35% of the MRI examinations make use of CA, but this
percentage is predicted to increase further following the devel-
opment of more effective and specific contrast media than those
currently available.

Unlike contrast agents used in X-ray computed tomography
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(Prohance®, Bracco Imaging, Italy) (Fig. 1) [5]. These CA have
very similar pharmacokinetic properties because they distribute
in the extracellular fluid and are eliminated via glomerular fil-
tration. They are particularly useful to delineate lesions as a
result of the disruption of the blood–brain barrier. Two deriva-
tives of Gd-DTPA have been successively introduced, Gd-EOB-
DTPA [7] (Eovist®, Schering AG, Germany) and Gd-BOPTA [8]
(Multihance®, Bracco Imaging, Italy) (Fig. 1). They are charac-
terized by an increased lipophilicity due to the introduction of an
aromatic substituent on the carbon backbone of the DTPA lig-
and. This modification significantly alters the pharmacokinetics
and the biodistribution of these CA as compared to the parent
Gd-DTPA.

Paramagnetic chelates of Mn(II) (five unpaired electrons)
have also been considered. The main drawback appears to be
related to the stability of these complexes. Mn(II) is an essential
metal, therefore the evolution has selected biological structures
able to sequester Mn(II) ions with high efficiency. Combined
with the fact that Mn(II) forms highly labile coordination com-
plexes, it has been difficult to design Mn(II) chelates that main-
tain their integrity when administered to living organisms. Actu-
ally, Mn-DPDP (Fig. 2) has entered the clinical practice and is
recommended as a hepatotropic agent [9]. It is the only agent
that does its job by releasing metal ions to endogenous macro-
molecules. The huge proton relaxation enhancement brought
about by the resulting Mn(II) protein adduct is responsible for
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nd in nuclear medicine, MRI contrast agents are not directly
isualized in the image. Only their effects are observed: con-
rast is affected by the variation that the CA causes on water
rotons relaxation times, and consequently on the intensity of
he NMR signal [3,4]. Generally, the purpose of a CA is to
educe T1 in order to obtain an intense signal in short times
nd a better signal-to-noise ratio with the acquisition of a higher
umber of measurements. CAs that predominantly reduce T1
re called positive, whereas those that only largely affect T2 are
alled negative. Since unpaired electrons are able to remarkably
educe T1 and T2, the search for positive CAs has been mainly
riented towards paramagnetic metal complexes. The paramag-
etic metal ions most extensively studied are either transition
etals or in the lanthanide series.
As far as lanthanides are concerned [5], the attention has been

ssentially focused on Gd(III) both for its high paramagnetism
seven unpaired electrons) and for its favourable properties in
erms of electronic relaxation [6]. This metal does not pos-
ess any known physiological function in mammalians, and its
dministration as a free ion is strongly toxic even at low doses
10–20 �mol kg−1). For this reason, it is necessary to use lig-
nds that form very stable chelates with the lanthanide ion [3,4].
he high affinity shown by Gd(III) towards some polyaminocar-
oxylic acids, either cyclic or linear, has been exploited to
orm very stable complexes (up to log KML > 20). The first CA
pproved for clinical use was Gd-DTPA (Magnevist®, Schering
G, Germany) that, in more than 10 years of clinical experimen-

ation, has been administered to more than 20 million patients.
ther Gd(III) based CA similar to Magnevist® became soon

vailable: Gd-DOTA (Dotarem®, Guerbert SA, France), Gd-
TPA-BMA (Omniscan®, GE Health, USA) and Gd-HPDO3A
he MRI visualization of hepatocytes also at low administered
oses of Mn-DPDP.

Iron(III), having the same number of unpaired electrons as
n(II), has entered the field of MRI contrast agents in the form

f iron oxide particles. Such water insoluble systems yield very
trong T2-effects as the result of a dramatic long-range distur-
ance in the magnetic field homogeneity. These agents are made
f a crystalline core of superparamagnetic iron(III) oxide (SPIO,
aghemite and �-Fe2O3) surrounded by coating materials like

extran or carboxydextran. The diameter of the iron oxide core
s just 3–5 nm whereas the overall particle may range from few
ens to few hundreds of nanometres in size [10,11]. These agents
rovide excellent (negative) contrast when administered at iron
oses as low as 8–15 �mol kg−1 body weight. Once adminis-
ered intravenously, as particles, these agents accumulate in the
ells of the reticuloendothelial system. The pharmacodynamic
roperties of the iron oxide particles are affected by either the
ize or the overall electric charge. The smaller particles remain
n the blood circuit for a time long enough to be considered as
lood pool agents for angiographic assays.

The field of medical imaging is rapidly evolving towards
he development of molecular imaging procedures aimed at
isualizing molecular events occurring at cellular levels. This
ould represent a breakthrough in clinical settings as, in addi-

ion to provide early diagnosis, it would allow the assessment
f an underlying therapy by visualizing specific molecules and
iomarkers that are the “signature” of the pathology. Such
pproach will be highly beneficial in ensuring the patient that
he chosen therapy is going to provide the expected effects, as it
ill largely anticipate the time currently required for assessment
ased on anatomical changes.
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Fig. 1. Structures of the Gd(III) based MRI contrast agents currently used in the clinical practice.

The need of targeting molecules that are present at very low
concentration requires the development of a novel class of CAs
characterized by higher contrasting ability and improved target-
ing capabilities. In this survey we intend to tackle some basic
issues that are highly relevant to the use of Gd(III) based sys-
tems in molecular imaging applications, namely: (1) how to
achieve very high relaxivities for Gd(III) complexes on the basis
of the current understanding of the determinants of the “relax-
ivity parameter”; (2) how one may envisage efficient routes
for the delivery of a high number of Gd(III) complexes at the
site of interest; (3) the most practical ways to pursue the cell-
internalization of a high number of Gd(III) complexes.

Finally, a new class of MRI contrast agents, the so-called
chemical exchange saturation transfer (CEST) agents, will be
discussed. These systems contain at least one pool of exchange-
able protons which, upon irradiating at their absorption fre-

F
i

quency, transfer saturated magnetization to the bulk water signal.
The use of lanthanide or transition metal paramagnetic chelates
(PARACEST agents) has been shown to be particularly ben-
eficial because the paramagnetic ion induces a large shift of
resonance on the nuclei surrounding it. The peculiar properties
of PARACEST agents allow to tackle applications that are not
possible with the relaxation enhancement agents.

2. Determinants of relaxivity

First of all, to be considered as a potential CA, a Gd-complex
must have a high thermodynamic and, possibly, kinetic inert-
ness, and should have at least one water molecule coordinated
to the metal ion in fast exchange with the bulk water. In fact, it
is the exchange with the solvent water molecules that allows to
affect the relaxation process of all protons present in the region
in which the CA distributes. The Gd(III) chelate efficiency is
commonly evaluated in vitro by the measure of its relaxivity
(r1), that, for commercial CAs as Magnevist, Dotarem, Pro-
hance and Omniscan, is around 3.4–3.5 mM−1 s−1 (at 20 MHz
and 39 ◦C). The observed longitudinal relaxation rate (Robs

1 ) of
the water protons in an aqueous solution containing the paramag-
netic complex is the sum of three contributions (Eq. (1)) [12]: (i)
the diamagnetic one, whose value corresponds to proton relax-
ation rate measured in the presence of a diamagnetic (La, Lu, Y)
c
t
s

ig. 2. Structure of Mn-DPDP, a manganese(II) based MRI contrast agent used
n the clinical practice.
omplex of the same ligand; (ii) the paramagnetic one, relative
o the exchange of water molecules from the inner coordination
phere of the metal ion with bulk water (Ris

1p); (iii) the param-
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agnetic one relative to the contribution of water molecules that
diffuse in the outer coordination sphere of the paramagnetic cen-
ter (Ros

1p). Sometimes, also a fourth paramagnetic contribution
is taken in account, that is due to the presence of mobile pro-
tons or water molecules (normally bound to the chelate through
hydrogen bonds) in the second coordination sphere of the metal
[13]:

Robs
1 = Ro

1 + Ris
1p + Ros

1p (1)

The inner sphere contribution is directly proportional to the
molar concentration of the paramagnetic complex, to the number
of water molecules coordinated to the paramagnetic center, q,
and inversely proportional to the sum of the mean residence life-
time, τM, of the coordinated water protons and their relaxation
time, T1M (Eq. (2)):

Ris
1p = q[C]

55.5(T1M + τM)
(2)

The latter parameter is directly proportional to the sixth power
of the distance between the metal center and the coordinated
water protons (r) and depends from the molecular reorientational
time, τR, of the chelate, from the electronic relaxation times, TiE
(i = 1, 2), of the unpaired electrons of the metal (which depend
on the applied magnetic field strength) and from the applied
magnetic field strength itself (Eqs. (3) and (4)):

τ
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m
m
n
p
T
w
t
(

used in commercial tomographs (20–63 MHz), τR of the chelate
is the most important determinant of the observed relaxivity. A
quantitative analysis of r1 dependence on the different structural
and dynamic parameters shows that, for systems with long τR
(e.g. protein bound complex), the maximum attainable r1 values
can be achieved through the optimization of τM and TiE [12].

The commercial CA shown in Fig. 1 are monohydrated (q = 1)
systems with a molecular weight of ca. 600–800 Da that corre-
sponds to rotational correlation times τR about 60–80 ps. For
this class of polyaminocarboxylate complexes, the exchange
lifetime τM is typically found to be in the range of few hun-
dreds of nanoseconds and T1E ≈ 1 ns at 0.5 T and thus the inner
sphere relaxivity, rIS

ip , assumes a value of ca. 2.5–3.5 mM−1 s−1

at 25 ◦C. Therefore, as it was early recognized, it is evident that
at 0.5 T the overall correlation time is largely dominated by the
rotational correlation time, whereas the contribution of both the
exchange lifetime and the electronic relaxation play an almost
negligible role.

An important structural parameter that influences the inner
sphere relaxivity is the hydration number q. This represents a
scaling factor in the equation that defines inner sphere relaxiv-
ity and then a higher number of coordinated water molecules
(q > 1) provides a clear advantage in terms of efficiency. The use
of hepta- or hexadentate ligands would in principle results in
Gd(III) complexes with 2- and 3-coordinated water molecules,
respectively, but the decrease of the denticity of the ligands is
l
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H
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Sτ2
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I τ
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)

(3)

−1
c = τ−1

R + τ−1
M + T−1

iE (4)

The outer sphere contribution depends on TiE, on the distance
f maximum approach between the solvent and the paramagnetic
olute, on the relative diffusion coefficients and again on the
agnetic field strength [14]. The dependence of Ris

1p and Ros
1p on

agnetic field is very important because the analysis of the mag-
etic field dependence allows the determination of the principal
arameters characterizing the relaxivity of a Gd(III) chelate.
his information can be obtained through an NMR instrument in
hich the magnetic field is changed (Field-Cycling Relaxome-

er) to obtain the measure of r1 on a wide range of frequencies
typically 0.01–50 MHz). At the frequencies most commonly

Fig. 3. Schematic representat
ikely to be accompanied by a decrease of their thermodynamic
tability and an increase of their toxicity. Furthermore, systems
ith q = 2 may suffer a “quenching” effect upon interacting with

ndogeneous anions or with proteins, as donor atoms from lac-
ate or Asp or Glu residues may replace the coordinated water

olecules [15].
However, some stable Gd(III) chelates containing two inner

phere water molecules have been identified and are currently
nder intense scrutiny. Among them, an interesting class is rep-
esented by Gd-HOPO complexes developed by Raymond and
o-workers. HOPO ligands [16,17] (Fig. 3) are based on 4-
arboxyamido-3,2-hydroxypyridinone chelating units and act
s heptadentate ligands towards Gd(III) thus leaving two water
olecules in the inner coordination sphere. The peculiar coordi-

ating geometry of Gd-HOPO complexes does not allow an easy
eplacement of the two water molecules by other ligands. More-
ver, the exchange rate of the coordinated water molecules is in
he range of the optimal values as well as the electronic relax-

f three heptadentate ligands.
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ation appears to be slow enough to allow the attainment of very
high relaxivities [16].

Another system that looks very interesting in this regard is
represented by the Gd(III) complex of PCP2A (Fig. 3), a ligand
based on a pyridine-containing macrocycle bearing two acetic
and one methylenephosphonic arms [17]. Its relaxivity is about
two times higher than the values reported for contrast agents
currently used in clinical practice. This is the result of the pres-
ence of two water molecules in the inner coordination sphere
and a significant contribution from water protons bonded to the
phosphonate group.

A novel Gd(III) chelate with the heptadentate AAZTA ligand
(AAZTA: 6-amino-6-methylperhydro-1,4-diazepinetetraacetic
acid; Fig. 3) has been recently characterized [18]. AAZTA is
readily obtained in high yields and its Gd(III) complex displays
interesting properties to be considered the prototype of a new
class of enhanced MRI agents. It is characterized by a quite
high relaxivity value (7.1 mM−1 s−1, 20 MHz and 298 K), a rel-
atively fast exchange rate of the coordinated water molecules
(τM = 90 ns at 298 K), a high thermodynamic stability in aqueous
solution and a nearly complete inertness towards the influence
of bidentate endogenous anions.

In vitro relaxometric assays did not show any transmetalla-
tion effect when Gd-AAZTA was left in the presence of 10-fold
excess of ZnCl2, or MnCl2, or CaCl2 for 2 h.

Lengthening of τ for systems with two fast exchanging
w
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to fasten the overall molecular rotation around the Gd-water axis
[20].

As said above, high relaxivities can be attained in the pres-
ence of a long reorientational time for the Gd-water proton
vector. Basically, two routes have been explored to provide the
Gd(III) chelates with long molecular reorientational times: (i) by
forming a covalent linkage between the complex and a macro-
molecular substrate or (ii) by forming a non-covalent adduct
between the complex and a slowly tumbling system.

2.1. Adducts with HSA

The latter approach has been widely investigated by using
the human serum albumin (HSA) as the interacting substrate.
Along this direction, the research activities have been addressed
to design Gd(III) chelates bearing on their surface suitable func-
tionalities that promote the reversible binding of HSA [21–23].
Representative examples of such Gd(III) complexes are reported
in Fig. 5.

Besides the attainment of high relaxivities (see Rbound
1p values

in Fig. 5), a high binding affinity to HSA enables the Gd(III)
chelate to have a long intravascular retention time which is the
property required for a good blood pool agent for MR angiog-
raphy. For the reorientational time of HSA-adducts (ca. 30 ns),
the theory of paramagnetic relaxation foresees the attainment
of relaxivity values much higher (r ∼= 100 mM−1 s−1) than the
v
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R
ater molecules is one direction to create high relaxivity agents.
Recently, a novel complex made of a heterotritopic ligand

hich comprises a 2,2′-bipyridine moiety for specific bind-
ng to Fe(II) ions and two polyaminocarboxylate groups for
inding to Gd(III) ions has been reported (Fig. 4) [19]. The
igand self-assembles with Fe(II) and Gd(III) into a metallostar
Fe{Gd2L(H2O)4}3]4− structure endowed with high relaxivity
r1p = 33.6 mM−1 s−1 at 40 MHz and 25 ◦C). The appropriate
hoice of the chelating moiety ensures to the complex suffi-
ient thermodynamic stability, a water exchange faster than that
f commercial agents and two inner sphere water molecules to
ouble the inner sphere contribution to the relaxivity. This metal-
ostar system is rather small compared to other macromolecular
ontrast agents, however the concurrent chelation of the multi-
unctional ligand to Fe(II) and Gd(III) ions forces the rotational
orrelation time of the Gd(III)-water proton vector to be close to
hat of the entire assembly. Thus, by strong reduction of the inter-
al flexibility, the advantage of the increased molecular size is
aximized. Alternatively, an enhanced control of τR can also be

btained in non-metallostar Gd-DOTA-like structures by intro-
ucing a bulk substituent on each of the four acetate arms in order

ig. 4. Schematic representation of a heterotripodic ligand for binding Fe(II)
nd Gd(III) ions.
1
alues actually obtained. It has been shown that the primary rea-
on for the quenching of the relaxation enhancement is often
ssociated with the occurrence of a relatively long exchange
ifetime, τM, of the coordinated water [23]. Slow exchange rates
f the coordinated water appear to be primarily characteristic
f the complex rather than a consequence of the binding to
he protein. Thus, for the attainment of high relaxivities one
as to avoid Gd(III) chelates displaying slow (i.e. τM > 500 ns)
xchange rates.

A number of studies have been carried out to elucidate the
elationships between the exchange rate of the coordinated water
nd the structure of the lanthanide(III) complexes [24]. For
nstance, it has been found that for DOTA and DOTA-like com-
lexes, that exist as a mixture of structural isomers, namely
quare AntiPrismatic (SAP) and Twisted Square AntiPrismatic
TSAP) structures, the TSAP isomer displays a much faster
ater exchange than the SAP isomer (Fig. 6) [25].
In order to get more insight into the problem of why the relax-

vity values until now obtained are significantly lower than those
redicted by the theory of paramagnetic relaxation, we have
ecently undertaken a detailed relaxometric study of the inter-
ction of Gd-DOTMA derivatives with HSA [26]. Gd-DOTMA
isplays a relatively fast exchange of the coordinated molecule
ikely because it possess a TSAP-like structure. Two new ligands
ased on DOTMA structure have been synthesized (Fig. 7). 1H
MR spectra of Eu(III) complexes showed that the TSAP geom-

try found for the parent DOTMA complexes is maintained.
omplex A is soluble enough to allow the determination of the
ater exchange rate by 17O-T2 measurements at variable tem-
erature. The obtained value (τ298

M = 65 ns) indicates that the
eplacement of the methyl with the bulkier biphenyl group does
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Fig. 5. Structure of three Gd(III) based complexes functionalized with hydrophobic moieties able to promote the interaction with HSA [21,22].

Fig. 6. Structure of the Square AntiPrismatic (SAP) and Twisted Square AntiPrismatic (TSAP) isomers in lanthanide(III) DOTA-like complexes.

Fig. 7. Structure of two DOTMA-like derivatives bearing hydrophobic substituents for HSA binding.
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not affect the coordination cage maintaining a fast exchange of
the coordinated water. Both A and B complexes bind strongly to
HSA yielding Ka values of 2.7 × 103 and 9.5 × 104 M−1, respec-
tively. rb

1 of the complex A/HSA adduct, at 298 K and 20 MHz,
is equal to 35 mM−1 s−1. 17O-measurements showed no differ-
ence between solutions containing the paramagnetic adduct and
HSA alone. Clearly, the expected relaxation enhancement has
been “quenched” by a direct interference of the donor groups
on the surface of the protein with the inner hydration sphere of
the Gd(III) ion. We could not determine whether it results in a
replacement of the inner sphere water or simply in a dramatic
elongation of its exchange lifetime. Thus, the biphenyl moiety
does not appear long enough to protrude the chelate moiety out-
side the interference of the residues on the surface of the protein
in proximity of the binding site. However, it is worth to note that
the observed relaxation enhancement has to be ascribed to sec-
ond sphere water molecules and mobile protons on the surface
of the protein in the proximity of the paramagnetic center.

Complex B contains a binding synthon made up of three
phenyl groups and resulted long enough to avoid such interfer-
ence. Unfortunately, the low solubility of the adduct prevented
the acquisition of 17O NMR VT spectra, but we got an indirect
assessment of the occurrence of the fast exchange of the coor-
dinated water by measuring the water proton relaxation rates as
a function of temperature. However, the observed rb

1 for B/HSA
adduct is only 43.5 mM−1 s−1, whereas the theory predicts much
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C17 displays a high affinity binding to human serum albumin
Ka = 2.4 × 104 M−1 giving a macromolecular adduct endowed
with the higher relaxivity value (84 mM−1 s−1) to now reported
for HSA bound Gd-complexes.

2.2. Responsive agents

The term “responsive” refers to diagnostic agents whose con-
trasting properties are sensitive to a given physico-chemical
variable that characterizes the microenvironment in which the
probe distributes. Typical parameters of primary diagnostic rel-
evance include pH, temperature, PO2 , enzymatic activity, redox
potential and concentration of specific ions and low-weight
metabolites.

Unfortunately, their clinical use is still uncertain mainly
because an accurate measurement of one of the above-mentioned
parameters with a given relaxing probe requires a precise knowl-
edge of the local concentration of the contrast medium in the
region of interest. Only if the actual concentration is known, the
observed change in the relaxation rate of water protons can be
safely attributed to a change of the parameter to be measured.

2.2.1. pH sensitive
The design of a Gd(III) based complex whose relaxivity

is pH-dependent requires that at least one of the structural or
dynamic parameters determining its relaxivity is made pH-
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igher values for a system tumbling with the τR of HSA (30 ns)
nd the τM value of Gd-DOTMA.

We surmise that the “quenching” of the relaxation enhance-
ent has to be associated to a molecular reorientational correla-

ion time, for the coordinated water, that is significantly shorter
han that one of the macromolecule. This would not depend on
wide-amplitude internal motion of the chelate as the binding

hrough the terphenyl substituent is tight enough to hinder the
otation of the hydrophobic substituent inside the protein pocket.
ather the observed behaviour would be related to an internal

otation of the coordinated water along its coordination axis
hich overlaps with the overall motion of the macromolecular

dduct.
Recently, Caravan and co-workers [27] tackled the problem

f the residual mobility of a Gd(III) complex bound to HSA
y designing a system containing two anchoring sites on the
rotein. Interestingly, the observed relaxivity for such adduct,
hough high (60 mM−1 s−1), is still significantly lower than that
oreseen by the paramagnetic relaxation theory.

On our side, a derivative of Gd-AAZTA containing a long
liphatic chain (Gd-AAZTA-C17) has been synthesized and
ts relaxometric properties investigated in detail (manuscript
n preparation). The complex showed to have the outstanding
roperties of the parent complex, namely: (i) two inner sphere
ater molecules in fast exchange with the bulk; (ii) high ther-
odynamic stability in aqueous solution; (iii) a nearly complete

nertness towards the influence of bidentate endogenous anions.
he functionalization with the hydrophobic chain induces the

ormation of micelles, with a relaxivity of 30 mM−1 s−1 at
0 MHz and 298 K, already at sub-millimolar concentrations
cmc 0.1 mM). At concentration lower than cmc Gd-AATZA-
ependent. In most of the examples so far reported the pH
ependence of the relaxivity reflects changes in the hydration
f the metal complex.

For instance, we found that the relaxivity of a series of macro-
yclic Gd(III) complexes bearing �-arylsulfonamide groups
s markedly pH-dependent (Fig. 8) on passing from about
s−1 mM−1 at pH < 4 to ca. 2.2 s−1 mM−1 at pH > 8 [28]. It has
een demonstrated that the observed decrease (about four-fold)
f r1 is the result of a switch in the number of water molecules
oordinated to the Gd(III) ion from 2 (at low pH values) to 0
at basic pHs). This corresponds to a change in the coordination
bility of the �-arylsulfonamide arm that binds the metal ion
nly when it is in the deprotonated form.

In some cases, the pH dependence of the relaxivity is associ-
ted with changes in the structure of the second hydration shell.
wo such systems have been reported by Sherry’s group. The
rst case deals with a macrocyclic tetramide derivative of DOTA
DOTA-4AmP) that possess an unusual r1 versus pH dependence
29]. The relaxivity of this complex increases from pH 4 to 6,
ecreases up to pH 8.5, remains constant up to pH 10.5 and,
hen, increases again. The authors suggested that this behaviour
s related to the formation/disruption of the hydrogen bond net-
ork between the pendant phosphonate groups and the water
ound to the Gd(III) ion. The deprotonation of phosphonate
ccurring at pH > 4 promotes the formation of the hydrogen bond
etwork that slows down the exchange of the metal bound water
rotons. On the contrary, the behaviour observed at pH > 10.5
as accounted for in terms of a shortening of τM catalysed by
H− ions. Recently, it has been demonstrated that this com-
lex can be successfully used “in vivo” for mapping renal and
ystemic pH [30].
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Fig. 8. pH dependence of the relaxivity (20 MHz, 25 ◦C) of a Gd(III) complex
bearing an arylsulfonamide group. The protonation/deprotonation process of the
arylsulfonamide group determines a variation in the hydration of the complex.

pH-dependent probes can also be obtained when the proton
concentration is able to affect the structure of a macromolecular
substrate that, in turn, results in changes of its dynamic proper-
ties. An interesting example is represented by a macromolecular
Gd(III) construct formed by 30 Gd(III) units covalently linked,
by a squaric acid moiety, to a poly-ornithine (114 residues;
Fig. 9) [31].

At acidic pH the unreacted amino groups of the polymer are
protonated and, therefore, tend to be localized as far as possible,
whereas at basic pH the progressive deprotonation of the NH3

+

groups determines an overall rigidification of the polymer struc-

F
3

ture owing to the formation of intramolecular hydrogen bonds
between adjacent peptidic linkages. As expected, the reduced
rotational mobility of the polymeric backbone upon increasing
pH enhances the relaxivity of the system. Nevertheless, even if
the enhancement is not particularly remarkable (ca. 40% in the
3–8 pH interval), it is worth to note that the relaxivity of this
system is considerably higher than the previous examples over
the entire pH range, thus allowing, in principle, the detection of
pH changes at lower concentration of the responsive probe.

2.2.2. Agents sensitive to the redox potential
A diagnostic MRI probe sensitive to the in vivo redox poten-

tial would be very useful for detecting regions with a reduced
oxygen partial pressure (PO2 ), in several pathologies including
strokes.

Very few Gd(III) chelates sensitive to the tissue oxygena-
tion have been so far reported. Our group has investigated the
potential ability of GdDOTP to act as an allosteric effector of
hemoglobin [32]. In fact, it has been observed that this chelate
binds specifically to the T-form of the protein that is charac-
terized by a lower affinity towards oxygen. The interaction is
driven by electrostatic forces and leads to a significant relaxiv-
ity enhancement (ca. five-fold) owing to the restricted molecular
tumbling of the paramagnetic complex once it is bound to the
protein. Although hemoglobin can be considered as an excel-
lent indirect target for detecting P , the practical applicability
o
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ig. 9. Schematic representation of the macromolecular construct formed by ca.
0 Gd(III) units covalently linked, by a squaric acid moiety, to a poly-ornithine.
O2

f the method suffers for the inability of GdDOTP to enter red
lood cells.

Another approach deals with the use of liposomes built
p with an amphiphilic Gd(III) complex containing a radical-
ensitive disulfide bridge [33]. The relaxivity (at 20 MHz and
5 ◦C) of the liposomal paramagnetic agent is 13.6 s−1 mM−1,
.e. two-fold higher than the free Gd(III) complex (r1 of
.5 s−1 mM−1). Likely, the limited relaxivity enhancement is
ue to the rotational flexibility of the complex bound to the lipo-
ome. This system was tested “in vitro” by inducing the cleavage
f the S S bond chemically (by dithiothreitol) or physically (by
-rays). In both cases, the relaxivity decreased from the value
f the liposomal agents to that one of the free Gd(III) complex.

.2.3. Enzyme responsive
One possible route to design enzyme responsive agents is to

ynthesise paramagnetic inhibitors, whose binding to the active
ite of the protein can be signalled by the consequent relaxivity
nhancement. An example of this approach has been provided by
nelli et al., who synthesised a linear Gd(III) complex bearing an

rylsulfonamide moiety (Fig. 10), that is a well-known inhibitor
f carbonic anhydrase [34].

In vitro experiments demonstrated that this complex binds
uite strongly (Ka of about 1.5 × 104) to the enzyme and its
elaxivity in the bound form being about five-fold higher than
he free complex (27 s−1 mM−1 versus 5 s−1 mM−1 at 20 MHz).
nfortunately, an attempt to test the validity of this “in vivo”

pproach failed, likely owing to the small amount of enzyme
irculating in the blood.

An alternative approach is to design Gd(III) complexes acting
s substrate for a specific enzyme. Along this direction, an exam-
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Fig. 10. Schematic representation of a ligand bearing an arylsulfonamide moiety
whose Gd(III) complex shows a high binding affinity towards carbonic anhy-
drase.

Fig. 11. Schematic representation of a ligand containing a phosphoric ester
whose Gd(III) complex is responsive to serun alkaline phosphatase.

ple has been provided by Lauffer et al. who prepared a Gd(III)
chelate containing a phosphoric ester sensitive to the attack of the
serum alkaline phosphatase (Fig. 11) [35]. The hydrolysis yields
the exposure of an hydrophobic moiety well suitable to bind to
HSA. Upon binding, there is an increase of the relaxivity as a
consequence of the lengthening of the molecular reorientational
time. This approach was used by the same research group for
designing Gd(III) complexes sensitive to thrombin-activatable
fibrinolysis inhibitor (TAFI), a carboxypeptidase B involved in
the clot degradation [36].

3. Cell labeling with Gd(III) chelates

The rapidly growing field of cellular therapy requires the
development of efficient procedures for cell tracking in vivo.
MRI can do it if the administered cells have been suitably labeled
with magnetically active agents. In addition to the use of iron
oxide particles, we and others have shown that cellular label-
ing can be successfully carried out with Gd(III) chelates. Two
routes have been explored for pursuing an efficient entrapment
of Gd(III) chelates in cells incubated in culture media: (i) via
pinocytosis and (ii) via phagocytosis.

3.1. Pinocytosis

m
s
f
c

leads to its internalization at amounts that may be sufficient
for MRI visualization. Among a number of systems we have
considered the neutral, highly hydrophilic Gd-HPDO3A that
appears to be a good candidate for labeling stem cells by the
pinocytotic route [37]. The in vivo MR visualization of labeled
stem cells will allow their monitoring after transplantation. In
a typical experiment of uptake via pinocytosis, few millions
of stem cells are incubated in a culture medium containing
Gd-HPDO3A in mM concentration range (10–50 mM) for few
hours. Upon incubation, no saturation effect is observed and the
amount of uptaken Gd is linearly proportional to the concentra-
tion of the paramagnetic agent in the incubation medium. Once
cell internalized, the Gd-HPDO3A molecules result entrapped
in endosomic vesicles as it can be checked out by observing the
cells incubated with Eu-HPDO3A at the confocal microscope. In
fact, Gd and Eu chelates with the same ligands display the same
chemical/biological behaviour and the fluorescent response of
Eu-HPDO3A acts as a histological reporter of the localization
of Gd-HPDO3A in the cell. We have proved the potential of
this approach by observing a mouse model of angiogenesis, on
which blood-derived endothelial progenitor cells (EPCs) have
been implanted subcutaneously, within a matrigel plug. After
few days, the histological examination showed large capillary
structure transposing the gel plugs. MR images parallel histolog-
ical findings as hyperintense spots corresponding to the labeled
cells were clearly detected. In Fig. 12, we report a MR image
t

Fig. 12. In vivo T1 weighted spin echo MR image (7.05 T) of EPCs labeled with
Gd-HPDO3A (on the left). The cells are dispersed into a subcutaneous matrigel
plug 7 days after the implantation. On the right, it is shown the control image of
the same in the absence of the paramagnetic label.
The cell internalized portion of the surrounding fluid by
eans of the invagination of its membrane and formation of

mall vesicles (≤150 nm diameter) called endosomes. There-
ore, incubation of cells for a sufficiently long time, in a medium
ontaining the imaging probe at relatively high concentration
aken 14 days after implantation. As control, matrigel embed-
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ding unlabeled cells implanted in the same conditions are always
negative for MRI signal.

This labeling procedure appears of general applicability. We
have tested it on several tumor cell lines obtaining invariantly a
very efficient uptake with no apparent cytotoxicity. Likely, the
entrapment of Gd-HPDO3A into the endosomic vesicles pre-
vents any impact of the paramagnetic agent on relevant cellular
process meanwhile maintaining the full accessibility to cyto-
plasmatic water molecules.

3.2. Phagocytosis

It is the process of internalization of particles by cells
endowed with phagocytic activity. In such a case, this route
appears highly efficient for a single step internalization of a
large amount of imaging probes. However, to be effective on
MR images, Gd chelates must be water-soluble. Therefore, the
particles must be biodegradable in order to release soluble Gd
chelates once internalized into phagocytic cells. One may envis-
age several ways for the release of the Gd chelates. For instance,
one may think of gel nano-particles of chitosan loaded with neg-
atively charged Gd chelates. Such particles (200–400 nm diame-
ter) are easily phagocyted and slowly degraded once internalized
into the cells. Another approach to biodegradable Gd-containing
particles has been pursued by designing particles whose insol-
ubility is a property of the Gd chelates themselves [38]. This
g
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4. Targeting cells with suitably functionalized Gd(III)
based probes

Targeting of contrast agents to specific epitopes on cellular
membranes is a subject of increasing attention in the context
of new directions of medical imaging represented by molecular
imaging that aims at the in vivo visualization of molecular events
occurring at cellular level. The development of approaches that
visualize molecules that are the “signature” of a given disease
represents a paradigm shift from the diagnostic modalities cur-
rently available in the clinic.

The basis for designing imaging probes for a given applica-
tion is dictated by the localization profile of the target molecule
(vascular, extracellular matrix, cell membrane, intracellular,
near or at the cell nucleus). The development of high affinity
ligands and their conjugation to the contrast agent is one of
the key-steps for pursuing efficient molecular imaging probes.
MRI-Gd(III) based agents are much less sensitive than radionu-
clear and optical imaging probes. Therefore, molecular imaging
based on MRI, invariantly involves the need of accumulat-
ing a high number of contrast enhancing units at the site of
interest.

The most accessible targets are those present on the surface
of endothelial vessels. In principle they can be visualized by a
number of macromolecular conjugates containing many Gd(III)
complexes endowed with the proper vector recognizing the given
t
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oal is easily reached by introducing long aliphatic chains on
he surface of the ligand. However, one can control the fate of
hese systems by means of the functionality used to link the
nsolubilizing moiety to the Gd chelate. In fact, by using ester or
eptidic functionalities, the insolubilizing synthon can be dis-
laced from the Gd chelates by the activity of the proper enzyme
Fig. 13).

ig. 13. The insoluble system is represented by a Gd-DTPA-like complex func
n ester bond. The solubilization is obtained through the enzymatic cleavage of
arget. Some years ago, a nice example of targeting an endothe-
ial site was reported by Sipkins et al. [39] in the targeting of

specific angiogenesis marker, the endothelial integrin �v�3,
hose presence has been shown to correlate with tumor grade.
he imaging probe used in this work is a Gd-containing poly-
erized liposome. The target is first bound by a biotinilated

ntibody against �v�3, which is successfully recognized by an

lized with a long aliphatic chain which is bound to the chelate moiety through
ster bonds yielding to a soluble Gd(III) complex.
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Fig. 14. Targeting of the endothelial integrin �v�3 as a specific angiogenesis marker. The receptor is recognized by a biotinylated antibody that is then bound by an
avidin moiety bearing a Gd(III) loaded liposome.

avidin moiety on the surface of the liposome. Each liposome
as a mean diameter of 300–350 nm, which appears suitable to
avoid the uptake by the reticuloendothelial system (Fig. 14). This
approach provided enhanced and detailed detection of rabbit
carcinoma through the imaging of the angiogenetic vasculature.
Recently, the same �v�3 target has been addressed with lipidic
nano-particles containing a huge number of Gd chelated units
(94,400 Gd/particle characterized by r1 = 19.1 s−1 mM−1 (per
Gd) = 1,800,000 per particle). One of the lipidic components is
covalently bound to the �v�3 integrin peptidomimetic antago-
nist [40].

The large molecular size of these constructs limits their deliv-
ery to targets on the endothelial walls. To target receptors in solid
tissues other routes have to be followed. Bhujwalla et al. [41]
have recently developed and applied a two-component Gd-based
avidin–biotin system for the visualization of HER-2/scan recep-
tors. The latter is a member of the epidermal growth factor family
and it is amplified in multiple cancers. Their approach consisted
of addressing the extracellular domain of the receptors by means
of a biotinilated mAb. After clearance of the unbound mAb, Gd-
labeled avidin is administered and binds, with high affinity, to
the biotinilated mAb. The expression level of the receptor was
estimated at 7 × 105 receptors/cell and the average number of
Gd-DTPA units per avidin molecule was 12.5. The method has
been successfully applied in an experimental mouse model of
breast carcinoma.
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of water protons of paramagnetic macromolecular complexes.
The relaxivity (r1) of Gd-bis-biotinilated DTPA is 6.3 mM−1 s−1

which increase to 9.2 mM−1 s−1 in the 1:1 adduct with avidin
and then further to 15.7 mM−1 s−1 for the largest adduct.

When the bis-amide complex is replaced by a mono-
biotinilated Gd-DTPA complex, whose τM is significantly
shorter than that of the bis-biotinilated derivative, the relaxiv-
ity of the 1:1 adduct with avidin is significantly higher (rb

1p =
25 mM−1 s−1) than the corresponding adduct with the bis-amide
derivative. Of course the use of the monobiotinilated Gd(Bio-
LysDTPA) does not allow the formation of the layered structures
peculiar of substrates containing two biotin moieties.

As biotinilated Ab (or FAb) are easily available, one may
envisage the targeting of receptors on cell membranes through a
three-step procedure: (i) first, the administration of the biotini-
lated Ab followed by (ii) the supply of avidin and then (iii) the
Gd complex functionalized with the biotin moiety. In the case
of bis-biotinilated Gd(III) complexes, steps (ii) and (iii) can be
repeated several times.

4.1. Gd-loaded apoferritin

Cell-internalization via receptors is the route of choice in a
number of nuclear medicine assays. For MRI, the design of the
imaging probe requires the attachment of one or more Gd(III)-
chelates to the ligand molecule. Such structural modification
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We have investigated in detail the MR-imaging proper-
ies of the ternary adducts formed by multi-layered biotin/
vidin/Gd(III) complexes. The most straightforward route is rep-
esented by the use of biotinilated agents such as those reported
n Fig. 15. The bis-biotinilated derivative promotes the forma-
ion of systems made up by several layers of protein/complex
dduct and it is therefore useful for the accumulation of the para-
agnetic complex at the site of interest. As far as the efficiency

f T1-relaxing agent is concerned, the Gd-bis-biotinilated DTPA
eported in Fig. 15 has the drawback of the limited enhancement
pon the formation of the macromolecular adduct. In fact, it is
ell established that bis-amide DTPA complexes of Gd(III) pos-

ess sufficiently long exchange lifetime of the coordinated water
hich “quenches” the effect associated to the short T1M values
ay drastically affect the internalization process in respect to
he mechanism occurring for the native ligand.

In order to deal with a system whose structural characteristics
ere unaltered by the loading with Gd(III) chelates, we choosed

poferritin because it allows the imaging probes to be entrapped
nside its inner cavity (Fig. 16) [42]. In apoferritin, the cavity has
diameter of 7–8 nm and an overall volume that can accomodate
everal small-sized Gd(III) complexes. The entrapment of ca. 10
d-HPDO3A molecules inside the apoferritin cavity has been

arried out. In such a system, water can freely diffuse through
he channels formed at intersection of the protein subunits, but
ot Gd-HPDO3A molecules (whose diameter is ca. 8–9 Å). The
elaxivity shown by each Gd(III) complexes entrapped in the
poferritin is very high (ca. 80 mM−1 s−1 at 20 MHz and 298 K).
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Fig. 15. Schematic representation of mono- and bis-biotinilated complexes (the bis-biotinilated one is a commercially available ligand).

This value is almost 20 times higher than the r1 value of the free
Gd-HPDO3A in water (4.2 mM−1 s−1).

The 1/T1 nuclear magnetic relaxation dispersion (NMRD)
profile recorded over 0.01–20 MHz frequency range shows that
Gd-loaded apoferritin possesses a high relaxivity at any field
with a further enhancement centered at 35 MHz, typical of
slowly moving systems. Thus, the inclusion of several paramag-
netic complexes in the apoferritin cavity allows multiple interac-
tion pathways to be operative between the paramagnetic Gd(III)
centers, the water molecules (freely moving within the cavity, or
forming hydration layers on the protein surface) and exchange-
able protons of chemical functionalities exposed in the inner cav-
ity of the protein. The resulting relaxation scheme is analogous to
that occurring upon the formation of protein/paramagnetic com-

plex adducts but it is now highly amplified by having a closed
spherical compartment.

The exterior of such Gd(III)-loaded apoferritin is exactly the
same as in the parent ferritin and then, once administered intra-
venously, it is quickly cleared-up by the proper receptors on hep-
atocytes [43]. It has been possible to assess that the Gd-loaded
apoferritin maintains its integrity upon the cell-internalization
process as the relaxivity observed for the cytoplasmatic extract
corresponds to that one of the intact system. Finally, the amount
of cell internalized Gd-loaded apoferritin is similar to that repor-
ted for the native ferritin (6.5 × 106 molecules per cell in 6 h).

Once Gd-loaded apoferritin is administered to mice, it accu-
mulates in the liver which then appears hyperintense in the MR
images.

F 0 Gd-
ig. 16. Schematic representation of Gd-HPDO3A loaded apoferritin. About 1
 HPDO3A complexes can be internalized in the inner cavity of the protein.
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Fig. 17. Structures of Gd-DTPA and Gd-DOTA derivatives functionalized with glutamine residues.

4.2. Visualization of tumor cells via the amino acids
transporting system

The amino acid transporter route appears an interesting one
as such systems are intrinsically devoted to cell-internalization
of large quantities of substrate molecules. In the field of CA for
MRI examples of very efficient cellular uptake are already avail-
able. These examples rely essentially on hepatotropic agents
represented by suitably functionalized Gd chelates. These sys-
tems enter the hepatocytes through transporting proteins, such
as organic anion transport protein (OATP), which are present at
high density on the cellular membrane [44]. Therefore, hepa-
totropic agents are particularly useful to assess the presence of
secondary tumor lesions consisting of cells devoid of the effi-
cient transporting system proper of hepatocytes.

Although a number of transporting systems may be consid-
ered, in the case of tumor cells, the transporters of choice appear
those ones involved in the transport of nutrients and pseudo nutri-
ents. In fact, during cell proliferation, the altered metabolism of
tumor cells determines a much higher demand of these sub-
stances and therefore an increase of their uptake efficiency with
up-regulation and/or overexpression of the corresponding mem-
brane transporters [45–49].

We have tested whether this route allows to differentiate
tumor from healthy cells by using a Gd-DTPA or DOTA chelate
functionalized with a glutamine residue (Fig. 17). Glutamine
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Fig. 18. Internalization of Gd-DTPA-glutamine into hepatocytes (�) and HTC
cells (�). The uptake was carried out at 37 ◦C for 6 h.

glutamine-functionalized complexes. The amount of internal-
ized Gd chelate decreases significantly upon increasing the
amount of free amino acid in the incubation medium. Studies are
in progress to assess whether the targeting of transporters with
substrates containing Gd chelates moieties involves the forma-
tion of endosomic vesicles as well as to elucidate the metabolic
fate of the internalized substances. Clearly, the possibility of
targeting cells with low molecular weight, easy to synthesize,
stable Gd chelates is highly attractive.

5. Chemical exchange saturation transfer (CEST)
agents

Some years ago, a novel class of MRI contrast media, the
so-called chemical exchange saturation transfer agents has been
proposed [50]. Since then, the interest towards such agents has
steadily grown, as witnessed by the increasing number of scien-
s the most abundant amino acid in blood plasma and it is
onsidered one of the most important nutrients for tumor cell
etabolism [46–48]. Glutamine functionalized Gd-complexes

ave been added to the incubation media containing HTC and
epatocytes respectively. After few hours of incubation (Fig. 18),
he amount of Gd chelate internalized in tumor cells is ca. four
imes higher than that uptaken by healthy hepatocytes. Fur-
hermore, the involvement of glutamine transporters has been
hecked by adding glutamine in the medium containing the
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Scheme 1.

Scheme 2.

tific papers published each year on this subject. Their peculiar
mechanism for generating contrast in an MR image makes these
agents particularly attractive in respect to the conventional sys-
tems acting on the relaxation enhancement of water protons.

Basically, a CEST agent is a molecule containing labile pro-
tons, whose exchange rate with the bulk water protons is smaller
than the separation of their resonance frequencies (expressed
in rad Hz) (Scheme 1). When this condition is fulfilled, the
resonance of the mobile protons of the CEST agent may be
selectively saturated by using a specific radio frequency field of
intensity B1 (on-irradiation experiment; Scheme 2). The chemi-
cal exchange process transfers the saturated magnetization from
the labile protons of the agent to the bulk water signal, whose
intensity will then decrease accordingly. If this experiment is
performed on a MRI scanner, the decreased signal intensity will
result in the generation of a negative contrast (Fig. 19, panel B).

Unfortunately, the on-irradiation experiment is not sufficient
for assessing the saturation transfer efficiency of a CEST agent.
In fact, the saturation field may affect the intensity of the bulk
water protons, even in the absence of the contrast medium
because: (i) the saturation field may excite, and consequently sat-
urate, directly the bulk water signal (and this phenomenon will be
particularly relevant when the irradiation frequency is approach-
ing the bulk water resonance) and (ii) in vivo, the irradiation
field may saturate the extremely broad signal (up to 100 kHz)
corresponding to the endogeneous mobile protons immobilised
o
b
t
r

rate assessment of the saturation transfer efficiency of a CEST
agent can be obtained by performing a second experiment (off-
irradiation) in which the irradiating frequency is moved from
the resonance of the mobile protons of the agent (e.g. −20 kHz
in Scheme 2) to a new frequency defined by the same absolute
value but with opposite sign (e.g. 20 kHz in Scheme 3).

It follows that the resulting water signal intensity Ioff is some-
what lower than Iwat but it is higher than Ion in the presence of a

Fig. 19. Seven Tesla MR images of a phantom consisting of two coaxial tubes:
the inner tube contains an aqueous solution of a PARACEST agent, whereas
t
a
f
+
(

n the biological matrix (membranes, tissues, . . .). Fortunately,
oth these effects are only dependent upon the absolute value of
he irradiated frequency; in other words, they are symmetric with
espect to the resonance of the bulk water. On this basis, an accu-
he outer tube contains neat water. (A) Proton density image (Iinner = 16.9
rbitrary units, a.u.); (B) on-irradiation CEST image (irradiation at −4800 Hz
rom bulk water, Iinner = 7.8 a.u.); (C) off-irradiation CEST image (irradiation at
4800 Hz from bulk water, Iinner = 14.5 a.u.); (D) on–off difference CEST image
ST% = 46.2); (E) STW image.
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Scheme 3.

CEST agent (Fig. 19, panels B and C). Finally, the net saturation
transfer (ST% expressed as percentage) due to the CEST agent
can be simply calculated as: ST% = [1 − (Ion/Ioff)] × 100.

The ST contrast in a MR image can be visualized in two ways:
(i) as difference between the on- and the off-MR experiments,
in order to average out the regions in which there is no ST effect
(Fig. 19, panel D) or (ii) as STweighted map, in which the detec-
tion of the ST effect is visualized as an hyperintense spot whose
brightness is reporter of the ST% parameter (Fig. 19, panel E).
The advantage of the latter modality is that the ST effect, dif-
ferently from the (Ion − Ioff) entity, is not dependent upon the
intensity of the water signal in the region of interest.

5.1. The sensitivity issue of CEST agents

On the basis of their mechanism of action, the CEST agents
display the unique peculiarity of generating contrast only if
the rf irradiation frequency corresponds to the absorption fre-
quency of the mobile protons. It follows that the registration of
a pre-administration image is not required because the visualiza-
tion of the CEST agent is the result of the comparison between
the on- and the off-resonance MRI scans and (ii) upon the co-
administration of more CEST agents (with sufficiently different
resonance frequencies of their mobile protons) one may detect
their respective distribution in the same image [51]. As an exten-
sion of the latter concept, in the presence of different mobile
p
a
t
d
a
t
i
m

r
i
l
m
b
e
i
e
n
t

efficiency of the saturation transfer drops off. Such a decrease
cannot be ascribed to the approaching of the coalescence condi-
tion, because, being �ω the same for all simulations, it occurs at
different kex values. Rather, it is the result of the reduced num-
ber of mobile spins effectively saturated by the B1 field owing to
the broadening of their resonance associated to the increase of
kex. The simulated profiles suggest that kex cannot be increased
at will and, furthermore, that high B1 intensity are required for
maximising the ST effect. It is important to recall here that the
largest B1 value for an in vivo MR scan is limited, for safety
purposes, by the specific absorption rate (SAR) value. For this
reason, the design of highly sensitive CEST agents has to be
pursued by increasing the number of mobile protons.

Fig. 21 reports a theoretical curve describing the dependence
of the ST effect on the concentration of the irradiated protons.
By considering a ST detection threshold of about 10%, the
required concentration of mobile protons is in the order of few
mM. Of course, the corresponding minimum concentration of
CEST agent is dependent upon the number of mobile protons
present per molecule. Actually, the detection limit for small-
sized CEST agent (containing less than 10 protons/molecule),
like amino acids, heterocyclic compounds, sugars or paramag-
netic metal complexes is in the mM range [50,53,55,57]. A sig-
nificant sensitivity improvement was achieved by investigating
the ST properties of macromolecular agents, both diamagnetic
(polyaminoacids, dendrimers and RNA-like polymers) [58,59]

F
i
7

rotons belonging to the same agent (or to different agents char-
cterized by the same pharmacokinetic properties), it is possible
o produce images based on the ST effect which is not longer
ependent on the concentration of the contrast medium but on
specific parameter that affects the rate of the magnetization

ransfer [52]. This feature can be properly exploited for design-
ng novel MRI-CEST agents responsive to pH, temperature and

etabolites concentration [53–55].
The most critical issue for the development of CEST agents is

epresented by their low sensitivity. Theoretically, the ST effect
s dependent upon several parameters, among which, particu-
arly relevant are kex and the number of mobile protons per

olecule. The simulated curves reported in Fig. 20, calculated
y using the theoretical model recently described by Woessner
t al. [56], show the kex dependence of ST% at different B1 field
ntensities. For a given set of parameters (�ω, T1 and T2 for the
xchanging proton sites, concentration of mobile protons, mag-
etic field strength and irradiation time), the increase of kex leads
o a ST enhancement up to a specific kex value, after which the
ig. 20. Simulated kex dependence of ST% at different B1 field intensity accord-
ng to the theoretical model described in ref. [7]. (The data were calculated at
T, �ω = 50 ppm, concentration of mobile protons 50 mM, irradiation time 4 s.)
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Fig. 21. Simulated dependence of ST% on the concentration of saturated mobile
protons according to the theoretical model described in ref. [55]. (The data were
calculated at 7 T, �ω = 50 ppm, kex = 3300 s−1, B1 = 11.75 �T, irradiation time
4 s.)

and paramagnetic ones [60]. Such systems contain thousands of
mobile protons and, consequently, their detection limit is the �M
range. Although the sensitivity displayed by the macromolec-
ular CEST agents is close to the current limit for the clinical
approved Gd(III) based agents, the possibility to exploit the
peculiar properties of CEST media in molecular imaging MR
protocols requires a further step forward.

5.2. LIPOCEST agents

A considerable sensitivity improvement can be achieved by
considering nano-sized systems, which provide an extraordinar-
ily large number of mobile protons. An optimal nano-system
for developing highly-sensitive CEST agents is represented by
liposomes, which are water-permeable lipidic vesicles widely
used in pharmaceutical field primarily as drug delivery sys-
tems [61]. The number of mobile water protons which can be
entrapped in a liposome cavity is in the range of 106–109 (for
liposome diameters ranging from 50 to 400 nm), i.e. several
order of magnitude higher than the values attainable for macro-
molecular agents. Furthermore, the water permeability of the
liposome membrane may be varied by changing the formula-
tion of the lipidic bilayer. For instance, it has been found that
liposome membranes containing unsaturated phospholipids, like
palmitoyl-oleyl-phosphatidyl choline (POPC), display higher
water permeability than liposomes containing saturated lipids,
l
m
c
p
l
s
e
l
t
t
w

Fig. 22. Lanthanide induced shift for water protons measured at 14 T and 25 ◦C
for 100 mM aqueous solution of [Ln-DTPA]2− complexes. The shifts refer to
the resonance frequency of bulk water.

plexes contain a fast-exchanging metal bound water molecule.
In this isostructural series, the chemical shift of water protons is
dominated by the dipolar interaction between 1H-water nuclei
and the unpaired electrons of the metal ion and, consequently,
the observed shifts primarily reflects the paramagnetism of the
metal center, which can be quantitatively expressed by the value
of the Bleaney’s constant [64]. On this basis, the most effi-
cient Ln(III) ions are Dy(III) and Tm(III) causing upfield and
downfield shifts, respectively. The paramagnetic lanthanide shift
induced on water protons is also dependent on the ligand, as
shown in Fig. 23, where the shifts of Dy- and Tm-DTPA are
compared with those ones measured for some selected macro-
cyclic chelates of the same lanthanides.

On passing from the linear ligand DTPA to macrocyclic
chelates, the shifting ability of the metal ions is considerably
enhanced. In fact, the observed shifts are dependent on the cosine
of the angle formed between the magnetic axes of the complex

F
f
t

ike di-palmitoyl-phosphatidyl choline (DPPC) [62]. Further-
ore, the water permeability can be further modified by adding

holesterol in the formulation. In order to be used for a CEST
rocedure, the resonance frequency of the water protons inside
iposomes must be different with respect to the extraliposomial
olvent. This requirement may be successfully accomplished by
ntrapping an hydrophilic paramagnetic shift reagent (SR) in the
iposomial compartment. Lanthanide(III) complexes represent
he most used and efficient class of shift reagents in aqueous solu-
ions [63]. Fig. 22 reports the measured chemical shift values of
ater protons within the [Ln-DTPA]2− series, where all the com-
ig. 23. Lanthanide induced shift for water protons measured at 14 T and 25 ◦C
or 100 mM aqueous solution of the reported Ln(III) complexes. The shifts refer
o the resonance frequency of bulk water.
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Fig. 24. 1H NMR spectrum (14 T, 25 ◦C) of an aqueous suspension
of a LIPOCEST preparation (SR = Tm-DOTMA, membrane composition:
DPPC/DPPG 95/5, w/w). The resonance at ca. 9 ppm corresponds to the intrali-
posomal water protons downfield shifted by the paramagnetic shift reagent. The
signal at ca. 1.8 ppm corresponds to the lipidic components of the liposome
membrane.

and the proton-metal vector. In macrocyclic chelates, the metal-
coordinated water molecule is much more aligned along the
magnetic axes than in linear complexes and, consequently, the
observed induced shifts are larger.

Liposomes entrapping a shift reagent for CEST purposes
were called LIPOCEST agents [65] and Fig. 24 reports a typical
1H NMR spectrum of a suspension of such nano-systems entrap-
ping Tm-DOTMA as shift reagent. The peak at about 4 ppm
downfield from the bulk water is assigned to the intraliposo-
mal water protons, whereas the broad signal centered at about
1.8 ppm arises from the lipidic components of liposome mem-
brane.

The sensitivity of LIPOCEST agents has been assessed by
measuring the ST effect as a function of the liposome con-
centration. The result of this experiment is reported in Fig. 25,
where two LIPOCEST agents, both entrapping similar amount
of Tm-DOTMA, but differing in the formulation of the lipo-

F
f

some membrane, are compared. The sensitivity of such systems,
expressed by the concentration required for detecting a ST value
of 10%, is very high, being in the sub-nanomolar range for both
the tested agents. This result nicely parallels the increased num-
ber of mobile protons that, in these liposomes of about 240 nm
of diameter, is of about five orders of magnitude larger than in a
macromolecular agent. Furthermore, the sensitivity differences
shown by the two LIPOCEST agents depend on the composition
of their membranes. In fact, the increased water permeability due
to the presence of an unsaturated fatty acid component (POPC)
further enhances the sensitivity (<100 pM) of the corresponding
LIPOCEST agent.

In summary, these very promising results suggest that
LIPOCEST agents can be considered a real breakthrough in the
field of MR agents based on saturation transfer. The sensitivity
displayed by these agents is so high to foresee their use in molec-
ular imaging protocols, where the peculiar properties of CEST
systems (co-administration and MR detection of a mixture of
agents) could substantially improve the diagnostic potential of
MRI. Furthermore, though the use of nano-sized systems some-
how limits the number of accessible targets, LIPOCEST agents
can fully exploit the biodistribution properties of liposomes, e.g.
their ability to be accumulated, both passively and actively, in
solid tumors [66].

6. Conclusions
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ig. 25. ST% (7 T, 39 ◦C) as a function of the concentration of LIPOCEST agents
or two preparations differing in the composition of the liposome membrane.
In the last two decades, the chemistry of lanthanide(III)
helates has been subject of an extraordinary interest for the
otential use of these complexes as contrast agents for MRI
nvestigations. This has led to the synthesis of a number of hepta-
nd octa-coordinating ligands able to wrap around the Ln(III)
ons in order to yield chelates characterized by very high thermo-
ynamic stabilities. Moreover, much attention has been devoted
o relate the structure of Ln(III) chelates to the exchange rate of
he coordinated water molecule(s). These studies have dramati-
ally extended the range of available exchange rates, which now
over a range from few nanoseconds to several microseconds.

The acquisition of an in-depth knowledge of the structural
lectronic and dynamic determinants of the observed relaxivity
as prompted interesting activities in the direction to make the
atter parameter responsive to specific characteristics of the bio-
ogical environment of the contrast agent. This may find unique
pplications in medical diagnosis.

The need to conjugate high relaxivity Gd(III) chelates to suit-
ble synthons that deliver the contrast agent to the targeting
ites has prompted innovative synthetic routes that allows an
fficient coupling to a number of vectors including peptides,
eptido-mimetics, lipids, sugars and proteins. Often it has been
ound more useful to design systems able to form highly stable
upramolecular adducts with the macromolecule of interest.

Finally, the huge work on Gd(III) chelates has prompted new
ctivities with other lanthanide(III) ions that has led to the devel-
pment of the novel class of CEST agents. Their potential can
e very high as it allows to exploit more contrast agents in the
ame MR-image as each of them will be activated “at will” by
electing the characteristic irradiation frequency.
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