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6.1 Introduction

The superb spatial resolution and the outstanding capacity of differ-
entiating soft tissues have determined the widespread success of
magnetic resonance imaging (MRI) in clinical diagnosis (Young
2000; Rinck 2003). The main determinants of the contrast in an MR
image are the proton relaxation times T; and T,. When there is a
poor contrast between healthy and pathological regions due to a too-
small variation in relaxation times, the use of a contrast agent can
be highly beneficial. Contrast agents are chemicals able to alter
markedly the relaxation times of water protons in the tissues where
they distribute. Their use has led to remarkable improvements in
medical diagnosis in terms of higher specificity, better tissue charac-
terization, reduction of image artifacts, and functional information.
Depending on whether the dominant effect occurs mainly on T, or
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T,, MRI contrast agents can be classified as positive or negative
agents, respectively. The most representative class of T;-positive
agents is represented by paramagnetic Gd(III) chelates, whereas
iron-oxide particles represent the class of T,-negative agents (Mer-
bach and Toth 2001).

Currently, about one-third of the MRI scans recorded in clinical
settings make use of contrast agents, mainly Gd(III) complexes
(Caravan et al. 1999). The effectiveness of a Gd(III) complex to act
as MRI contrast agent is first assessed by measuring its relaxivity,
i.e., the relaxation enhancement of water protons observed for a
millimolar solution of the contrast agent. In the past 15 years, a
number of papers addressing the relationship between structure/dy-
namics and relaxivity of Gd(III) complexes have been published.
This has led to a substantial advancement of our understanding of
the structural, dynamic, and electronic parameters determining the
relaxivity of paramagnetic chelates.

In addition to acting as a catalyst for the relaxation processes of
tissutal water protons, a potential MRI-CA has to fulfill several re-
quirements related to tolerance, safety, toxicity, stability, osmolality,
viscosity, biodistribution, elimination, and metabolism. The currently
used Gd(III) chelates are based on polyaminocarboxylate ligands
(Scheme 1), either linear or macrocyclic molecules. All these ligands
form very stable complexes (Table 1) so that the risk of dissociation
is so low that the danger of acute toxic effects occurring after injec-
tion of gadolinium chelates is practically nonexistent with all the
products currently in use.

The study of the central nervous system (CNS) is the primary
clinical indication for the use of extracellular Gd(III) agents. The
majority of these pathologies are brain tumors, and three quarters of
them are represented by metastases occurring in patients undergoing
treatment for systemic cancer (Fig. 1). Other brain diseases, such as
multiple sclerosis and cerebral injuries can be also investigated by
contrast-enhanced MRI.

There are several other indications for the use of CAs outside
SNC. For instance, in the diagnosis of breast cancer, MRI with con-
trast agents is becoming an alternative diagnostic procedure to mam-
mography. Particularly interesting is the dynamic use of contrast
agents effect. The breast is imaged repeatedly over the first few min-
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Scheme 1. Polyaminocarboxylate ligands, either linear or macrocyclic, of
currently used Gd(III) chelates as commercial MRI contrast agents

utes following contrast agent administration, and a graph reporting
the increase of signal for a selected region of interest is plotted as a
function of time. The kinetics of the distribution of the contrast
agents in the extravascular space is related to the vascular permeabil-
ity. Neo-formed vessels functional to the tumor growth display a per-
meability much higher than normal capillaries and the corresponding
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Table 1. Clinically accepted Gd(IlI)-based contrast agents

S. Aime et al.

Complex Brand name Company Log Kgar (8)
Gd-DTPA Magnevist Schering 22.5
Gd-DOTA Dotarem Guerbet 24.7
Gd-HPDO3A ProHance Bracco 23.8
Gd-DO3A-butrol Gadovist Schering 20.8
Gd-DTPA-BMA Omniscan Nycomed- 16.8
Amersham
Gd-DTPA-BMEA OptiMARK Mallinckrodt 16.8
Gd-BOPTA MultiHance Bracco 22.6
Gd-EOB-DTPA Eovist Schering 23.5

Fig. 1. Metastases in the brain of a patient with brain tumor. The metastases
are detected upon intravenously administration of GdDTPA (right). Blood
vessels (capillaries) are typically quite leaky to small molecules like
GdDTPA, allowing them to enter the extracellular space. In the brain, how-
ever, the cells forming the walls of capillaries have very tight junctions and
prevent small molecules leaving the intravascular space, thereby forming a
blood-brain barrier (BBB). Tumors and other pathologies of CNS cause im-
pairment of the BBB, thus allowing the contrast agent to leak from capillar-
ies into extracellular fluid
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areas are therefore characterized by high signal intensity (Padhani
2002). Of course, dynamic enhanced MRI is applied to demonstrate
the aggressive nature of tumors in several other areas.

The new landscape of molecular imaging applications requires the
development of a novel class of CAs characterized by higher con-
trasting ability and improved targeting capabilities. In this survey,
we intend to tackle some basic issues that are of fundamental impor-
tance for the use of Gd(IIl)-based systems in molecular imaging ap-
plications, namely: (1) actual understanding of the determinants of
T1-relaxivity of Gd(III) complexes, and how to proceed to attain
very high relaxivities; (2) how one may envisage efficient routes for
the delivery of a high number of Gd(III) complexes at the site of in-
terest; and (3) the most practical ways to pursue the cell-internaliza-
tion of a high number of Gd(III) complexes.

6.2 Determinants of Relaxivity

First of all, any MRI CA should be endowed with high thermody-
namic and kinetic stability, and have at least one water molecule co-
ordinated to the metal ion in fast exchange with the bulk water. This
would allow strong influence over the relaxation process of all pro-
tons present in the solvent in which the CA is dissolved. The Gd(III)
chelate efficiency is commonly estimated in vitro through the mea-
sure of its relaxivity (ry); that for commercial CAs as Magnevist,
Dotarem, Prohance, and Omniscan is around 3.4-3.5 mM™! s (at
20 MHz and 39°C). The observed longitudinal relaxation rate (R§"™)
of the water protons in an aqueous solution containing the paramag-
netic complex is the sum of three contributions (Banci et al. 1991):
(a) the diamagnetic one, whose value corresponds to proton relaxa-
tion rate measured in the presence of a diamagnetic (La, Lu, Y)
complex of the same ligand; (b) the paramagnetic one, relative to
the exchange of water molecules from the inner coordination sphere
of the metal ion with bulk water (Rilsp); and (c) the paramagnetic one
relative to the contribution of water molecules that diffuse in the ex-
ternal coordination sphere of the paramagnetic center (R7}). Some-
times also a fourth paramagnetic contribution is taken in account,
that is due to the presence of mobile protons or water molecules
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(normally bound to the chelate through hydrogen bonds) in the sec-
ond coordination sphere of the metal (Botta 2000). The inner sphere
contribution is directly proportional to the molar concentration of
the paramagnetic complex, to the number of water molecules coordi-
nated to the paramagnetic center, ¢, and inversely proportional to the
sum of the mean residence lifetime, 7y, of the coordinated water
protons and their relaxation time, Ty This latter parameter is di-
rectly correlated to the sixth power of the distance between the me-
tal center and the coordinated water protons and depends on the mo-
lecular reorientational time, g, of the chelate, on the electronic re-
laxation times, Tz (i=1, 2), of the unpaired electrons of the metal
(which depend on the applied magnetic field strength) and on the
applied magnetic field strength itself (Fig. 2). The outer sphere con-
tribution depends on Tig, on the distance of maximum approach be-
tween the solvent and the paramagnetic solute, on the relative diffu-
sion coefficients and again on the magnetic field strength (Aime et
al. 1998). The dependence of R}, and Rf} on magnetic field is very

Fig. 2. Schematic representation of relaxation mechanism in an aqueous so-
lution containing a Gd(III)-complex
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important because from the analysis of the magnetic field depen-
dence allows the determination of the principal parameters character-
izing the relaxivity of a Gd(III) chelate. This information can be ob-
tained through an NMR instrument in which the magnetic field is
changed (Field-Cycling Relaxometer) to obtain the measure of r; on
a wide range of frequencies (typically 0.01-50 MHz). At the fre-
quencies most commonly used in commercial tomographs (20—
63 MHz), r; is generally determined by the tr of the chelate so that
high molecular weight systems display a higher relaxivity. A quanti-
tative analysis of r; dependence on the different structural and dy-
namic parameters shows that, for systems with long 7 (e.g., protein
bound complex), the maximum attainable r; values can be achieved
through the optimization of 7y and T;. (Banci et al. 1991).

6.3 How to Improve Relaxivity?
6.3.1 Interactions of Gd(III) Complexes with Proteins

Upon interacting with a macromolecule, the relaxation induced by
Gd(IIT) chelates usually displays remarkable changes, primarily re-
lated to the increase of the molecular reorientational time 7g on
going from the free to the bound form, which results in a marked in-
crease of the inner sphere R term. From the measurement of the re-
laxivity enhancement, it is possible to assess the affinity (and the
number of binding sites) between the interacting partners (Dwek
1973). Quantitatively, in the presence of a reversible interaction be-
tween the paramagnetic species and the macromolecule, the ob-
served enhancement depends on both the molar fraction of the
macromolecular adduct x° and the relaxivity of the paramagnetic
species bound to the macromolecule in the all-bound limit ).
Human serum albumin (HSA) has been by far the most investi-
gated protein for binding of Gd(III) chelates. Besides the attainment
of high relaxivities, a high binding affinity to HSA enables the
Gd(II) chelate with a long intravascular retention time, which is the
property required for a good blood-pool agent for MR angiography.
In blood, HSA has a concentration of about 0.6 mM and its main
physiological role deals with the transport of a huge number of sub-
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Table 2. Affinity constant and relaxivity of the adducts of some Gd(III)
complexes wiht HSA, calculated at 0.47 T and 298 K. The coordinated
water exchange lifetime of free complexes is also reported

Metal complex nxKy 8 v  Reference
MY @mM'sT (ns)
[Gd-DOTA(BOM)(H,0)] <1-10% Aime 1996a
Cis-[Gd-DOTA(BOM),(H,0)]  6.4-10%> 35.2 175  Aime 1996a
Trans-[Gd-DOTA(BOM),(H,O)]” 7.2-0> 442 130 Aime 1996a
[Gd-DOTA(BOM);(H,0)[ 3.4-10° 53.2 80 Aime 1996a
MS-325 3.0-10* 35.0 250  Aime 1999¢
[Gd-BOPTA (H,0)]* 4.0-10* 33.0 280  Aime 2001;
Aime 1999b
[Gd-DTPA(BOM),(H,0)]* 3.6-10° 28.2 260  Aime 2001;
Aime 1999b
[Gd-DTPA(BOM);(H,0)]* 4.0-10* 44.0 180  Aime 1999¢
[Gd-DOTA-IOP(H,0)]” 6.2-10> 24.1 730  Aime 2001
[Gd-DOTA-IOPsp(H,0)] 2.9-10° 20.8 550  Aime 2001
[Gd-DOTA-TIBsp(H,0)] 53-10% 232 630  Aime 2001
[Gd-DTPA-IOP(H,0)]* 3.8-10% 16.1 860  Aime 2001
[Gd-DTPA-IOPsp(H,0)]* 4.8-10° 19.9 630  Aime 2001

strates (Carter and Ho 1994). For many of them, the binding region
has been identified on the basis of extensive competitive assays.
Now, the availability of solid state X-ray crystal structure of HSA al-
lows more insight into the structural details of the binding interac-
tion. The information gained from the studies of the interaction of
the various substrates to HSA has been very important in addressing
the design of Gd(III)-based blood-pool agents.

In Table 2 a list of Gd(III) complexes and the relevant parameters
of their binding interaction to HSA are reported.

Although the theory of the paramagnetic relaxation foresees relax-
ivities up to 100-120 mM~" s™' (at 20 MHz) for complexes bound to
macromolecular systems, the data listed in Table 1 show r,” values
significantly lower than the predicted ones. The primary reason for
the quenching of the relaxation enhancement is often associated to
the occurrence of a long exchange lifetime, 7y, of the coordinated
water. This may be easily checked by measuring the relaxivity as a
function of temperature. The detection of a higher r} value as the
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temperature is increased is an unambiguous indication of the occur-
rence of a too-long 7,, value.

6.3.2 Effect of the Water Exchange Rate on Relaxivity

Slow rates of the coordinated water appear to be primarily character-
istic of the complex rather than a consequence of the binding to the
protein. Thus, for the attainment of high relaxivities, one has to
avoid Gd(IIl) chelates displaying slow exchange rates. The rational
which accounts for the water exchange rates in linear and cyclic
polyaminocarboxylate Gd(III) complexes has been elucidated in a
number of systems (Aime et al. 2001; Powell et al. 1996). In short,
the water-exchange process for the enneacoordinate Gd(III) com-
plexes follows an idealized dissociative pathway. This may be repre-
sented by a simple diagram involving the transition state where the
metal ion has reduced its coordination number from 9 to 8 (Fig. 3).

Energy

CN=9 CN=9

>

Fig. 3. Energy diagram for the idealized dissociative water exchange mecha-
nism in enneacoordinate Gd(IlI) complexes
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Fig. 4. Structure of the Square Antiprismatic (SA) and Twisted Square Anti-
prismatic (TSA) isomers in lanthanide DOTA-like complexes

It follows that fast exchange rates can be pursued by decreasing
the activation energy and this goal can be addressed either by desta-
bilizing the ground state or stabilizing the intermediate state. More-
over, it has been shown that for DOTA-like systems there is a subtle
structural relationship between the exchange rate of the coordinated
water and the actual isomeric form. In fact, this class of complexes
exists in solution as a mixture of two structural isomers, namely the
square antiprismatic (AP) and the twisted square antiprismatic (TAP)
isomer (Fig. 4; Aime et al. 1992).

The polyhedron of the AP isomer corresponds closely to the regu-
lar square antiprismatic geometry, whereas a twisted square antipris-
matic coordination cage with a smaller tilt angle between the two
square planes is assigned to the TAP isomer. The latter isomer dis-
plays a water exchange rate that is approximately 50 times faster
than the corresponding rate in the AP isomer (Aime et al. 1999a).

Thus, given the above considerations, the functionalization of a li-
gand for protein targeting requires the choice of a Gd(III) chelate
that displays a fast exchange rate of the coordinated water.

In order to get more insight into the problem of why the relaxiv-
ity values obtained up to now are significantly lower than those pre-
dicted by the theory of paramagnetic relaxation, we have recently
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Fig. 5. Structure of two DOTMA derivatives

undertaken a detailed relaxometric study of the interaction of Gd-
DOTMA derivatives with HSA (Aime et al., to be published). Gd-
DOTMA displays a relatively fast exchange of the coordinated mole-
cule, likely because it possesses a TAP-like structure as shown by
'"H-NMR spectra of the Eu(Ill) and Yb(III) analogs (Aime et al.
1996b; Di Bari et al. 2000). Two new ligands based on DOTMA
structure have been synthesized (Fig. 5). "H-NMR spectra of Eu(III)
complexes showed that the TAP geometry found for the parent
DOTMA complexes is maintained. Complex A is soluble enough to
allow the determination of the water exchange rate by ''O-T, mea-
surements at variable temperature. The obtained value (f§28:65 ns)
indicates that the replacement of the methyl with the bulkier bis-
Phenyl group does not affect the coordination cage, leaving un-
changed the water exchange rate. The solubility of complex B was
too low to pursue such measurement, but we may safely assume that
its rﬁ,?g is similar to that determined for A.
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Both A and B binds strongly to HSA, yielding K, values of
2.7x10° M™" and 9.5x10* M™" respectively. 1} of the A/HSA ad-
duct, at 298 K and 20 MHz, is equal to 35 mM™' s, 7O-measure-
ments showed no difference between solutions containing the para-
magnetic adduct and HSA alone. Clearly, the expected relaxation en-
hancement has been “quenched” by a direct interference of the do-
nor 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 bis-phenyl moiety
does not appear long enough to protrude the chelate moiety outside
the interference of the residues on the surface of the protein in
proximity of the binding site. However, it is worthwhile to note that
the observed relaxation enhancement is due to water molecules/mo-
bile protons on the surface of the protein.

B contains a binding synthon made of three phenyl groups and re-
sulted long enough to avoid such interference. Unfortunately, the
low solubility of the adduct prevented the acquisition of '"O-NMR
VT spectra, but we got an indirect assessment of the occurrence of
the fast exchange of the coordinated water by measuring the water
proton relaxation rates as a function of temperature. As shown in
Fig. 6, the observed relaxation rate displays an exponential decrease
as the temperature increases, i.e., the typical behavior expected for
systems not “quenched” by long exchange lifetimes of the coordi-
nated water. However, the observed rlf for B/HSA adduct is only
435 mM™' s7', whereas the theory predicts much higher values
(Fig. 6) for a system tumbling with the g of HSA (30 ns) and the
M value of Gd-DOTMA.

We surmise that the limited relaxation enhancement has to be as-
sociated to a molecular reorientational correlation time, for the coor-
dinated water, that is significantly shorter than that one of the mac-
romolecule. This should not depend on an internal motion of the
chelate as the binding through the tris-phenyl substituent is tight en-
ough. Rather, the observed behavior should be related to an internal
rotation of the coordinated water along its coordination axis, which
overlaps with the overall motion of macromolecular adduct. If this
suggestion is correct, a challenging question is posed to chemists:
how to design a Gd-chelate whose coordinated water is in fast ex-
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Fig. 6. Longitudinal proton relaxivity as a function of temperature of free com-
plex B (white boxes) and of the adduct complex B/HSA (black boxes). The
dotted line represents a simulation of the expected profile with tg=30 ns
and 7y=65 ns

change with the bulk (short 7y;) and “rigid” inside the coordination
cage?

6.4 Targeting Cells with Gd(III) Chelates

Molecular imaging (Weissleder and Mahmood 2001) deals with in
vivo characterization and measurement of biological processes at the
cellular and molecular level. With molecular imaging, early diagno-
sis of disease will become possible as the detection of altered bio-
chemical processes largely anticipates the anatomical changes that
are at the basis of current diagnostic modalities.

Several modalities have contributed to the early stages of this in-
novative approach, namely PET, SPECT, MRI, and optical imaging.
MRI-Gd(IIT)-based agents are much less sensitive than radionuclear
and optical imaging probes. Therefore, molecular imaging based on
MRI invariantly involves the need of accumulating a high number of
contrast-enhancing units at the site of interest. The basis for the de-
sign of a Gd-containing imaging probes is first dictated from the
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Fig. 7. Targeting of the endothelial integrin a,f5 as a specific angiogenesis
marker. The receptor is recognized by a biotinylated antibody that is then
bound by an avidin moiety bearing a Gd(IlI)-loaded liposome

concentration and localization (vascular, extracellular matrix, on the
cellular membrane, intracellular) of the target molecule (Aime et al.
2002 a). Of course, the most accessible targets are those present on
the surface of endothelial vessels. In principle, they can be visual-
ized by a number of macromolecular conjugates containing many
Gd(IIT) complexes endowed with the proper vector recognizing the
given target. A nice example of targeting an endothelial site has
been reported by Sipkins et al. (1998) in the targeting of a specific
angiogenesis marker, the endothelial integrin a,ff;, whose presence
has been shown to correlate with tumor grade. The imaging probe
used in this work is a Gd-containing polymerized liposome. The tar-
get is first bound by a biotinylated antibody against a3, which is
successfully recognized by an avidin moiety on the surface of the li-
posome. Each liposome has a mean diameter of 300—350 nm, which
appears suitable to avoid the uptake by the reticuloendothelial sys-
tem (Fig. 7). This approach provided enhanced and detailed detec-
tion of rabbit carcinoma through the imaging of the angiogenetic
vasculature.

Recently, the same a,f33 target has been addressed with lipidic nano-
particles containing a huge number of Gd-chelated units [94,400 Gd/
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particle characterized by r;=19.1 s'mM™" (per Gd), r; = 1,800,000 per
particle]. One of the lipidic components is covalently bound to the
ayfi3-integrin peptidomimetic antagonist (Winter et al. 2003).

The large molecular size of these constructs limits their delivery
to targets on the endothelial walls. To target receptors in solid tis-
sues, other routes have to be followed. Bhujwalla and coworkers
(2003) have recently developed and applied a two-component Gd-
based avidin-biotin system for the visualization of HER-2/scan re-
ceptors. The latter is a member of the epidermal growth factor fami-
ly and it is amplified in multiple cancers. Their approach consisted
of addressing the extracellular domain of the receptors by means of
a biotinylated mAb. After clearance of the unbound mAb, Gd-la-
beled avidin is administered and binds, with high affinity, to the bio-
tinylated mAb. The expression level of the receptor was estimated at
7x10° 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.

An interesting route to MR signal amplification has been devel-
oped by Weissleder and coworkers (2002). Their approach is based
on enzyme-mediated polymerization of paramagnetic substrates into
oligomers of higher relaxivity. As substrates they used Gd-chelates
functionalized with phenolic substituents which undergo rapid con-
densation in the presence of H,O, and peroxidase. The increased
molecular size of the oligomeric structures causes an increase of the
molecular reorientational time which, in turn, results in an increase
of the observed relaxivity. This approach has been applied to the
imaging of E-selectin-peroxidase conjugate.

As far as the cell internalization of Gd-chelates is concerned, sev-
eral routes have been explored:

1. Via Pinocytosis. Pinocytosis is the cell-internalized portion of the
surrounding fluid by means of the invagination of its membrane and
formation of small vesicles (<150 nm diameter) called endosomes.
Therefore, incubation of cells, for a sufficiently long time, in a me-
dium containing the imaging probe at relatively high concentration
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 GdHPDO3A is a good candidate for la-
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beling stem cells by the pinocytotic route (Aime et al., in press).
The in vivo MR visualization of labeled stem cells will allow their
monitoring after transplantation. In a typical experiment of uptake
via pinocytosis, a few million stem cells are incubated in a culture
medium containing GdHPDO3A in mM concentration range (10—
50 mM) for few hours. Upon incubation no saturation effect is ob-
served and the amount of taken up Gd is linearly proportional to the
concentration of the paramagnetic agent in the incubation medium.
Once cell internalized, the GAdHPDO3A molecules end up entrapped
in endosomic vesicles as can be seen by observing the cells incu-
bated with EuHPDO3A at the confocal microscope. In fact, Gd and
Eu chelates with the same ligands display the same chemical/biolog-
ical behavior, and the fluorescent response of EuHPDO3A acts as a
histological reporter of the localization of GdAHPDO3A in the cell.
We have proved the potential of this approach by observing a mouse
model of angiogenesis, on which blood-derived endothelial progeni-
tor cells (EPCs) have been implanted subcutaneously, within a matri-
gel plug. After few days, the histologic examination showed large
capillary structure transposing the gel plugs. MR images parallel his-
tologic findings as hyperintense spots corresponding to the labeled
cells were clearly detected. In Figure 8, we report a MR image
taken 14 days after implantation. As control, matrigel-embedding
unlabelled cells implanted in the same conditions are always nega-
tive for MRI signal.

The cell-labeling procedure described above appears to have
general applicability. We have tested it on several tumor cell lines,
obtaining invariantly a very efficient uptake with no apparent cyto-
toxicity. Likely, the entrapment of GdHPDO3A into the endosomic
vesicles prevents any impact of the paramagnetic agent on relevant
cellular process, meanwhile maintaining the full accessibility to cy-
toplasmatic water molecules.

2. Via Phagocytosis. Phagocytosis 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
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Matrigel | Matrigel
with Gd-EPCs| with EPCs

Fig. 8. In vivo T;-weighted spin echo MR image (7.05 T) of EPCs labeled
with GAHPDO3A (left). The cells are dispersed into a subcutaneous matrigel
plug 7 days after the implantation. On the right is the control image of the
same in the absence of the paramagnetic label

internalized into phagocytic cells. One may envisage several ways
for the release of the Gd chelates. For instance, one may think of
gel nano-particles of chitosan loaded with negatively charged Gd-
chelates. Such particles (200400 nm diameter) are easily phagocy-
tosed and slowly degraded once internalized into the cells (S. Aime
et al., unpublished results). Another approach to biodegradable Gd-
containing particles has been pursued by designing particles whose
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Fig. 9. The insoluble system is represented by a Gd-DTPA-like complex
functionalized with a long aliphatic chain which is bound to the chelate
moiety through an ester bond. The solubilization is obtained through the en-
zymatic cleavage of the ester bonds yielding to a soluble Gd(III) complex

insolubility is a property of the Gd-chelates themselves (Aime et al.
2002b). This goal is easily reached by introducing long aliphatic
chains on the surface of the ligand. However, one can control the
fate of these systems by means of the functionality used to link the
insolubilizing moiety to the Gd-chelate. In fact, by using ester or
peptidic functionalities, the insolubilizing synthon can be displaced
from the Gd chelates by the activity of the proper enzyme (Fig. 9).

3. Via Receptors. 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(IIT)-chelates to the ligand molecule. Such structural modification
may drastically affect the internalization process with respect to the
mechanism occurring for the native ligand.

In order to deal with a system whose structural characteristics
were unaltered by the loading with Gd(III) chelates, we choose Apo-
ferritin because it allows the imaging probes to be entrapped inside
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its inner cavity (Aime et al. 2002b). The exterior of such Gd(III)-
loaded Apoferritin is exactly the same as in the parent Ferritin and
then, once administered intravenously, it is quickly cleared-up by the
proper receptors on hepatocytes (Osterloch et al. 1996). The process
of loading Apoferritin with GAHPDO3A first entails the dissociation
of the protein into subunits at pH 2 followed by its reforming at pH
7, thereby trapping the solution components (e.g., GAHPDO3A)
within its interior. In such a system, water can freely diffuse through
the channels formed at the intersection of the protein subunits (10
channels), but the larger GdHPDO3A molecules cannot. The relaxiv-
ity shown by each GdHPDO3A entrapped in the Apoferritin cavity
is very high (approximately 80 s' mM Gd™' at 20 MHz and 25 °C).
It has been possible to assess that the Gd-loaded Apoferritin main-
tains its integrity upon the cell internalization process as the relaxiv-
ity observed for the cytoplasmatic extract corresponds to that of the
intact system. Finally, the amount of cell-internalized Gd-loaded
Apoferritin is similar to that reported for the native Ferritin
(6.5x10° molecules per cell in 6 h).

4. Via Receptor-Mediated Endocytosis. This is probably the most
common route for the internalization of Gd(III) chelates as it is ex-
pected to occur any time a given ligand is modified by attaching one
or more Gd-chelating units. Thus, the internalization process is no
longer the one followed by the native ligand but the binding to the
receptor stimulates an endocytotic process which starts with the in-
troflection of a portion of cellular membrane and ends up with the
welding of its extremities. Through this process, a number of sub-
stances remain entrapped in endosomic vesicles, primarily the mole-
cules bound to the membrane or in close proximity of the portion of
membrane involved in the endosome formation.

Weiner et al. (1997) showed that the uptake of a folate-conjugate
dendrimer into tumor cells overexpressing high affinity folate recep-
tor (hFR) occurs through this type of endocytotic pathway.

Another example of receptor-mediated endocytosis of a large den-
drimer has been recently reported (Kobayashi and Brechbiel 2003).
The macromolecular construct comprised of Avidin and a biotiny-
lated dendrimer bearing 254 GdDTPA chelates (AV-G6Gd) has
shown to accumulate in vitro into SHIN3 cells (a cell line obtained
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originally from human ovarian cancer) 50-fold greater than
GdDTPA. The internalization process is driven by avidin molecule, a
glycoprotein that binds to f-D-galactose receptors which are present
on these tumor cells.

Although not yet proven, it is likely that receptor-mediated endo-
cytosis occurs with a number of systems in which the imaging Gd-
probes are linked either to peptides as targeting vectors that bind to
specific receptors or to nutrient or pseudo-nutrient moieties that in-
teract with the proper transporter upregulated in tumor cells.

5. Via Transmembrane Carrier Peptides. Another route to enter cells
with Gd(IIT) chelates is based on the use of membrane translocation
peptides which have been proven useful for the internalization of a
number of substrates like proteins, oligonucleotides, and plasmid
DNA. For instance, Bhorade et al. (2000) showed that GdDTPA
bound to 13-merHIV-tat peptide is efficiently internalized.

Another example has been recently reported by Allen and Meade
(2003), who showed that GADTPA conjugated to polyarginine (8—16
monomer units) is able to permeate all membranes.

Finally, along this line, an interesting development has been re-
cently reported by Heckl et al. (2003). They synthesized an imaging
probe consisting of a Gd-complex, a PNA (Peptide Nucleic Acid) se-
quence, and a transmembrane carrier peptide. Although the systems
enters any type of cell, it accumulates only in tumor cells because
of the specific binding of the PNA moiety for the c-myc mRNA
whose production is upregulated in those cells.

6.5 Concluding Remarks

Gd(IIT) chelates have played an important role in the development of
clinical applications of MRI technique by adding relevant physiolog-
ical information to the superb anatomical resolution attainable with
this imaging modality.

More is still expected with the currently available contrast agents,
especially in the field of dynamic contrast enhancement protocols re-
porting on changes of the vascular permeability associated with the
staging and therapeutic follow-up of important pathologies. How-
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ever, the major challenges are in the emerging field of molecular
imaging where the competition with other imaging modalities can
be very tight. Targeting of thrombi and atherosclerotic plaques by
peptides functionalized with Gd(IIT) chelates appears to be the next
goal for industrial research. The possibility of identifying and char-
acterizing vulnerable plaques will certainly represent an important
task. Clearly, there is a need for new ideas for enhancing the attain-
able relaxivity at higher fields as the 3-T indication for clinical
imagers seems to be quite established. Moreover, it will be neces-
sary to improve the efficiency of the available delivery systems and,
possibly, to exploit suitable amplification procedures in order to
reach the sensitivity required for the visualization of target mole-
cules present at low concentrations.

The results herein surveyed show that there are several routes for
cell entrapment of paramagnetic Gd-agents at concentrations suffi-
cient for MRI visualization. The huge work carried out in a number
of laboratories in the last two decades for the development of Gd-
based MRI contrast agents provides an excellent platform for design-
ing a new generation of probes for molecular imaging applications.
Though one should not underestimate the difficulties that will arise
when going from in vitro experiments to in vivo animal studies, we
think that the available results suggest that Gd-chelates will have an
important role in the armory of imaging probes for cellular and mo-
lecular imaging applications.
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