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Abstract: The role of Gd

3+
 chelates as contrast agents in Magnetic Resonance Imaging is discussed. 

The theory describing the different contributions to paramagnetic relaxation relevant to the 
understanding of the molecular parameters determining the relaxivity of those Gd

3+
 chelates, is 

presented. The experimental techniques used to obtain those parameters are also described. Then, 
the various approaches taken to optimize those parameters, leading to maximum relaxivity (efficiency) 
of the contrast agents, are also ilustrated with relevant examples taken from the litterature. The 
various types of Gd

3+
-based agents, besides non-specific and hepatobiliary agents,  are also 

discussed, namely blood pool, targeting, responsive and paramagnetic chemical shift saruration 
transfer (PARACEST) agents. Finally, a perspective is presented of some of the challenges lying 
ahead in the optimization of MRI contrast agents to be useful in Molecular Imaging.  
 

 

1. Magnetic Resonance Imaging 

  

     Magnetic Resonance Imaging (MRI) is 

based on the principles of Nuclear Magnetic 

Resonance (NMR), a spectroscopic technique 

used by scientists to obtain microscopic 

chemical and physical information about 

molecules. The magnetic resonance 

phenomenon was described first by Felix 

Bloch and Edward Purcell in 1946. Between 

1950 and 1970, the NMR technique was 

developed to analyze the chemical and 

physical properties in organic molecules.  

     Raymond Damadian in 1971 showed that 

the nuclear magnetic relaxation times, T1 and 

T2, of tissues and tumors are different, 

motivating scientists to consider magnetic 

resonance for the detection of diseases.1 

Magnetic resonance imaging was first 

demonstrated in 1973 by Paul Lauterbur and 

Mansfield.2a,b Nowadays, Magnetic Resonance 

Imaging is considered one of the most 

powerful diagnostic techniques developed. The 

main advantages in the use of MRI as imaging 

technique (comparing with others, such as 

PET and CT) are that (i) no ionization radiation 

is used, avoiding to expose the patient being 

scanned to the health risk from radiation, (ii) in 

case the tissue is diseased, the values of T1 

and T2 change, consequently changing the 

images, (iii) it is possible to get a better spatial 

resolution, which in the case of MRI is 0.2-0.3 

mm, while the PET technique has a spatial 

resolution of about 3 mm, and (iv) the image 

can be created in any wished direction in the 

human body. The limitations of the MRI 

images are that (i) the bones are not 

visualized, (ii) it can not be used by people 

with pacemakers or other implanted 

magnetizable metal parts and (iii) the price of a 

MRI scanner is still more expensive than the 

price for CT. A good account of the evolution 

of the MRI technique, since the discovery to 

the present, has been published.3 

     The NMR signal of body water protons is 

used to generate the MRI images. This was 
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chosen due to the high NMR sensitivity and 

the high natural abundance of protons and 

also because ~ 70% in weight of the human 

body is constituted by water. To create an MRI 

image constituted by different voxels (volume 

picture elements) of the subject, magnetic field 

gradients are applied along three 

perpendicular directions. Although it is 

relatively common to apply gradients in the 

principal axes of a patient (so that the patient 

is imaged in x, y, and z from head to toe), MRI 

allows completely flexible orientations for 

images. All spatial encoding is obtained by 

applying magnetic field gradients which 

encode the position within the phase of the 

signal. In one dimension, a linear relationship 

of phase with respect to position can be 

obtained by collecting data in the presence of 

a magnetic field gradient. In three dimensions 

(3D), a plane can be defined by "slice 

selection", in which an RF pulse of defined 

bandwidth is applied in the presence of a 

magnetic field gradient in order to reduce 

spatial encoding to two dimensions (2D). 

Spatial encoding can then be applied in 2D 

after slice selection, or in 3D without slice 

selection. Spatially-encoded phases are 

recorded in a 2D or 3D matrix; this data 

represents the spatial frequencies of the image 

object. Images can be created from the matrix 

using the discrete Fourier transform (DFT). 

Typical medical resolution is about 1mm3, 

while research models can exceed 1µm3. The 

contrast in the MRI image is determined by the 

difference in signal intensities in the various 

voxels.3,4 

     MRI images can be obtained by using 

numerous pulse sequences, although the most 

common is a spin-echo sequence (Fig. 1). It 

uses 90° radio frequency pulses to excite the 

magnetization and one or more 180° pulses to 

refocus the spins to generate signal echoes 

named spin echoes (SE). Three types of 

gradients are applied, for slice selection (GS), 

phase encoding (GP) and frequency encoding 

(GF). An advantage of using a spin-echo 

sequence is that it introduces T2 dependence 

to the signal intensity, because some tissues 

and pathologies have similar T1 values but 

different T2 values and it is advantageous to 

have an imaging sequence which produces 

images with T2 dependence. The pulse 

sequence timing can be adjusted to give T1-

weighted, proton or spin density, and T2-

weighted images. In T1-weighted images, the 

tissues with shorter T1 values give a brighter 

image and for those with longer T1 darker 

images are obtained. The two variables of 

interest in spin echo sequences are the 

repetition time (TR) and the echo time (TE), in 

which TR is defined as the time between 

repetitions of the sequence and TE is the time 

between the 90o pulse and the maximum 

amplitude in the echo, respectively. The signal 

intensity (SI) is given by Eq. 1, where k is a 

proportionality constant dependent on flow, 

perfusion and diffusion, and   is the density of 

spins in the sample.4 

 

SI = k ( 1 - e-TR/T1 ) e-TE/T2          (1) 
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2. MRI Contrast Agents 

 

     Paramagnetic chelates containing a 

lanthanide ion, namely gadolinium (III) are 

generally used as contrast agents (CAs). The 

Gd3+ ion has physical properties which are 

suitable for reducing the longitudinal (T1) and 

transverse (T2) proton relaxation times. It 

possesses seven unpaired electrons (highest 

spin density) and a symmetrical 8S ground 

state, resulting in a slower electronic relaxation 

rate. Since the Gd3+ ion undergoes a rapid 

hydrolysis at physiological pH, producing 

insoluble Gd(OH)3 and accumulates in bones 

and liver, a high thermodynamic and kinetic 

stability of the complexes used as MRI CAs 

are required, and these properties are 

fundamental for their use in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Spin-echo pulse sequence used in MRI. 

 

 

 

     The efficiency of the MRI CAs is measured 

in terms of the relaxivity (r) that indicates their 

ability to decrease the relaxation times of the 

water protons per unit (mM) concentration of 

the CA. The contrast enhancement is obtained 

when one tissue has either higher affinity for 

the CAs or higher vascularity than another 

one. Diseased tissues, such as tumors, are 

metabolically different compared with healthy 

tissues and they have much higher uptake of 

the contrast agents, resulting in a higher 

contrast in MRI images.                                                       

     Chelates containing polyaminocarboxilates 

as Gd3+ ligands are the most important class of 

contrast agents commercially available (Fig. 2) 

which are intravenously injected.5 In 1988, 

[Gd(DTPA)(H2O)]2- (Magnevist®) was the first 



Ann. Magn. Reson. Vol. 6, Issues 1/2, 1-33, 2007                                                                 AUREMN © 
 

 

 

 

 

 

4 
 

contrast agent to be approved for in vivo use, 

followed by [Gd(DOTA)]- (Dotarem®). 

     Currently, Gd3+ complexes of DTPA and 

DOTA derivatives are also used as MRI CA’s, 

such as [Gd(DTPA-BMA)(H2O)] and 

[Gd(HPDO3A)(H2O)]. These CAs have the 

advantage of having no charge, and thus 

perturbing to a lower extent the osmolarity of 

blood.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Structures of some Gd3+ MRI contrast agents used clinically.5 

 

 

 

3. Relaxivity 

 

     The efficiency of MRI CAs is measured by 

the relaxivity parameter (ri). Relaxivity is 

defined as the ability of magnetic compounds 

to increase the relaxation rates of the 

surrounding water proton spins, which are 

used to improve the contrast of the image and 

to study tissue specific areas where the 

contrast agent better diffuses. Relaxivity is 

expressed in s-1 per mM of Gd3+ and it 

depends on the molecular structure and 

dynamics of the complex.  The paramagnetic 

relaxation process is described on the basis of 

a model considering two distinct contributions: 

‘inner sphere’, related to the exchange 

between the bound water molecules and bulk 

water, and ‘outer sphere’, resulting from water 

molecules diffusing near the paramagnetic 

centre during their translational diffusion.5,6 

Often, a third paramagnetic contribution to the 

relaxivity is taken into account, called ‘second-
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sphere contribution’, that is due to the 

presence of mobile protons or water molecules 

in the second coordination sphere of the metal7 

(Fig. 3). 

     If the second sphere contribution is not 

considered, the relaxivity (ri) can be defined as 

in Eq. 2, where obsiT ,  is the observed 

longitudinal (i = 1) or transverse (i = 2) NMR 

relaxation times, diT , , is
piT ,  and os

piT ,  are, 

respectively, the diamagnetic, the inner- and 

outer-sphere paramagnetic contributions to the 

observed relaxation time, and [Gd3+] is the 

millimolar concentration of the Gd3+ complex. 

  

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. Schematic representation of the three types of water molecules 
surrounding the metal complex. 
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3.1. Inner-Sphere Relaxation 

 

     The inner-sphere relaxation theory of a 

paramagnetic centre was developed by 

Solomon-Bloembergen-Morgan (SBM).8-10 The 

parameters involved in this inner-sphere 

mechanism are (i) the number of water 

molecules directly coordinated to the 

paramagnetic centre (q), (ii) the molar 

concentration of the paramagnetic complex 
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(C), (iii) the mean residence lifetime of the 

coordinated water protons (τM) and (iv) their 

longitudinal and transverse proton relaxation 

times (T1M and T2M). This inner-sphere 

contribution to the overall relaxation rates is 

described in Eqs. 3 and 4, where ∆ωM is the 

chemical shift difference between the free and 

the bound water molecules. 
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     The inner-sphere contribution becomes 

important and is transferred to the bulk water 

when T1M >> τM where the system is in the ‘fast 

exchange’ regime. In the opposite case (T1M << 

τM), when the coordinated water molecule is in 

the ‘slow exchange’ regime, the water 

exchange rate becomes the limiting factor of 

the relaxivity. The relaxation rate of the metal 

ion coordinated water molecules, (1/T1M) is 

given by the contribution from two mechanisms 

of electron-nuclear magnetic interaction which 

are the dipole-dipole ( dip
iT1 ) mechanism, 

arising from random fluctuations of the 

through-space interaction of the nuclear dipole 

with the unpaired electron dipole, and the 

scalar ( SC
iT1 ) mechanism, resulting from a 

through-bond delocalization of the unpaired 

spin density on the nucleus. Eqs. 5 to 118-10 

describe those mechanisms within the SBM 

approximation:
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Here, S is the electron spin quantum number, 

γI is the nuclear gyromagnetic ratio, g is the 

electron g-factor, Bµ  is the Bohr magneton, 

rGdH is the distance between Gd3+ and the 

water proton, µo is the magnetic permeability of 

a vacuum, A/ћ is the hyperfine coupling 

constant between the metal electrons and the 

water protons, ωI and ωS are the nuclear and 

electron Larmor frequencies, respectively 

(ωI,S=γI,S.B, where B is the magnetic field). 

Since ωS is much larger than ωI, the terms |ωI ± 

ωS| can be approximated by ωS. The 

correlation times τci and τei defined by Eqs. 10 

and 11, describe the time evolution of the 

various phenomena influencing the nuclei of 

interest, where τR is the rotational correlation 

time of the molecule or complex and T1e and 

T2e are, respectively, the longitudinal and 

transverse electron spin relaxation times. Eqs. 

6 and 8 show that in the fast motion limit (for 

small τc), 
dipR1  and dipR2  are almost equal, 

while far from this limit (for long τc) 
dipR1  

decreases with τc and dipR2  is constantly 

increasing due to the presence of the 

frequency independent term 4τc. With respect 

to the contact contribution, SC, due to its 

nature, the correlation time modulating this 

contribution is not affected by τR (Eqs. 7 and 9) 

and since 22

eSτω  is extremely large,  for Gd3+ 

complexes, SCR1 is usually negligible, while for 

R2, the contact contribution ( SCR2 ) is often the 
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dominant mechanism, mainly for nuclei near 

the metal ion.11 

     At high magnetic fields, especially if τR is 

much larger than Tie, the Curie or susceptibility 

mechanism is another dipolar effect that must 

be considered (Eqs. 12 and 13) and it is 

defined as:12  

 

 

                                     








+

+








=

2262

2224422

,1 1
.

)3(

)1(
.

45

61

RI

R

GdH

oBIo

rkT

BSSg

T τω

τµγ

π

µ

χ

                (12) 

 

                                








+
+

+








=

2262

2224422

,2 1

3
4.

)3(

)1(
.

45

11

RI

R

R

GdH

oBIo

rkT

BSSg

T τω

τ
τ

µγ

π

µ

χ

          (13) 

 

 

where Bo is the magnetic field strength, T is the 

absolute temperature, k is the Boltzmann 

constant, rGdH is the distance between the 

nuclear spin and the Ln3+ ion. These equations 

can be simplified by using the effective 

magnetic moment of the Ln3+ ion, µeff 

= )1( +SSg . The Curie mechanism 

describes the dipolar interaction between the 

nuclear spins and the magnetic moment 

generated by the thermally averaged excess of 

electron population in the electronic spins 

levels. The contribution of this mechanism to 

the total longitudinal relaxation usually is only 

relevant for slowly rotating macromolecules 

(long τR). 

     Finally, the electronic relaxation rates (1/Tie) 

in Gd3+ complexes are usually interpreted in 

terms of a modulation of the zero field splitting 

(ZFS).13,14 A transient ZFS of the spin levels is 

induced by collisions between solvent 

molecules and the metal complexes, allowing 

the coupling of rotation with spin transitions 

(Eqs. 14 and 15): 
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where τV is the correlation time for the 

distortion of the metal coordination cage and 

∆2 is the mean squared fluctuation of the ZFS 

interaction.  

     At low magnetic field (Bo < 0.1 T), the 

relaxivity of the Gd3+ complexes depends 

mainly on the electronic relaxation (Eq. 16). 

  

     At high magnetic field (Bo > 1.5 T) the 

electronic relaxation rate decreases and 

becomes slower than the rotational rate of the 

complex (Eq. 17). 

     A temperature and magnetic field 

dependent EPR study15 has demonstrated that 

1/T1e of various Gd3+ complexes is described, 

to a good approximation, by these equations.

 

 

                                                 1/T1e, 1/T2e  >> 1/τR ;  T1e ≈ τc1; T2e ≈ τc2                      (16) 

 

                                                    1/T1e, 1/T2e  << 1/τR ;  τR ≈ τc1 ≈ τc2                               (17) 

  

 

 

This confirms that the major contribution to the 

observed EPR linewidths is due to electronic 

relaxation. However, the use of a more recent 

description of electron spin relaxation needs 

EPR measurements over a very wide range of 

temperature and magnetic fields.16  

 

3.2. Outer-Sphere Relaxation 

 

     The outer-sphere contribution is 

responsible for about 50% of the total relaxivity 

of small-sized Gd3+ complexes. In case of 

macromolecular systems, the outer sphere 

contribution is less important.  

This contribution to the relaxation is attributed 

to the modulation of the dipolar interaction by 

the diffusion of water molecules from the bulk 

solution close to the metal center. 

     The outer-sphere relaxation is usually 

described (Eqs. 18 to 20) using the Freed 

equations17,18 which take into account the 

electronic relaxation and diffusion:
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                                                                     j = 1, 2 ; i = I, S 
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D
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where, Tje are the electronic relaxation times, 

J(ωi;Tje) is a non-Lorentzian spectral density 

function, NA is the Avogadro’s number, γS is 

electron gyromagnetic ratio, aGdH is of the 

closest approach of the solvent protons and 

the paramagnetic center, DGdH is the sum of 

the diffusion coefficients of the water proton 

and of the Gd3+ complex and τGdH is the 

diffusion correlation time. The symbols not 

mentioned here maintain the meaning given 

before. Complexes with similar sizes and 

shapes have similar diffusion coefficients and 

the outer-sphere contribution to the relaxivity is 

also similar in these cases.  

     It is important to consider that in the outer-

sphere relaxation the ‘second-sphere’ water 

molecules contribution to the relaxation 

enhancement is valid, as was mentioned 

before. These water molecules should be 

considered as bound via hydrogen bonds to 

the functional group in the ligand molecule. As 

the second-sphere contribution is difficult to 

evaluate, because the number of second-

sphere water molecules and their exchange 

rates are unknown, usually the second sphere 

effect is included in the outer sphere 

contribution. However the unexpected high 

relaxivity values for some Gd3+ complexes, 

such as [Gd(DOTP)]5-, where there are no 

water molecules in the inner-sphere, could 

only be explained by considering a very strong 

second-sphere contribution.19 For this reason, 

the inclusion of a second sphere theory7  is  

needed to adjust relaxivity data from Gd3+ 

complexes which present functional groups 

able to interact strongly with water molecules. 

 

4. Parameters Governing the Paramagnetic 

Relaxation 

 

     The search for more effective contrast 

agents involves the optimization of various 

parameters governing the relaxivity. Since the 

relation between the molecular structure and 
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electronic relaxation is not well known, this 

task is focused on the optimization of three 

parameters, which are the number of water 

molecules coordinated to the metal ion (q), the 

exchange lifetime (τM) and the reorientational 

correlation time (τR). 

    Figure 4 represents the inner sphere proton 

relaxivity (r1) calculated at two magnetic fields 

as a function of τM and τR for some electronic 

relaxation time values, q = 1 and r = 3.1 Å. The 

simulated curves show that the optimal 

relaxivities can be obtained by slowing down 

the rotation of the complex and optimizing the 

exchange lifetime (for the later, either a too 

long or too short exchange lifetime has a 

negative influence in the relaxivity). Also, the 

optimal relaxivity reached decreases with 

increasing magnetic field strength. When one 

parameter begins to be optimized the other 

parameters become more critical. T1e is getting 

longer as the magnetic field strength increases 

and at 0.5 T, T1e may be a limiting factor, but at 

1.5 T it may reach a point where it does not 

influence r1.  

 

4.1. Number of Coordinated Water 

Molecules (q) 

 

     One structural parameter that influences 

the inner sphere relaxivity is the number of 

coordinated water molecules (or hydration 

number) q.  

     According to Eq. 3, a higher number of 

coordinated water provides a clear advantage 

in terms of efficiency. However there is a limit 

to increase the q values, because this would 

affect the overall thermodynamic and kinetic 

stabilities of the complex.  

     Currently, all the commercial contrast 

agents have only one inner sphere water 

molecule. Some stable Gd3+ complexes 

containing two inner sphere water molecules 

have been studied, such as paramagnetic 

complexes with HOPO20 and PCP2A21 as 

ligands (Fig. 5).  

     An alternative approach which can be used 

to increase the paramagnetic relaxation is by 

increasing the number of water molecules in 

the second-sphere of coordination by 

introducing functional groups on the ligand that 

are capable of forming hydrogen bonds with 

bulk water molecules. 

 

4.2. Exchange Lifetime (ττττM) 

 

     This parameter modulates the chemical 

exchange from the inner- sphere of the metal 

to the bulk (Eq. 3) and contributes to the 

overall correlation time (τc) that governs the 

dipole-dipole interaction between the electron 

and the nuclear spin (Eqs. 6, 8 and 10).  

     The proton exchange from the coordinated 

water molecules to the bulk may occur (i) at pH 

near neutrality by exchange of the water 

molecule itself or (ii) independently of the 

exchange of the entire water molecule on 

which they reside, by proton exchange at low 

or high pH.5 

     The water exchange rates of Gd3+ 

complexes used in the MRI technique are 
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about three orders of magnitude lower than 

that of the aqua ion [Gd(H2O)8]
3+.5,22,23 Table 1 

shows the water exchange rates (kex = 1/τM) of 

various Gd3+ complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Inner-sphere proton relaxivity as a function of τM and τR for various values of T1e , q =1 and r = 3.1Å at 
0.5T (~21MHz) and 1.5T (~64MHz).5 
 

 

 

 

 

 

  

 

 

 

 

 
Figure 5. Schematic representation of HOPO (left) and PCP2A ligands20,21 containing 
two water molecules in the inner coordination sphere. 
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Table 1. Water exchange rates for various Gd3+ complexes at 298 K. 

 

Ligand q kex(10
6
s

-1
) Ref. 

H2O 8 804 24 

DOTA 1 4.10 22 

DOTAM 1 0.05 25 

DTPA 1 3.30 22 

DTPA-P 1 16 26 

DTPA-BMA 1 0.43 27 

DTPA-EOB 1 3.60 28 

DTPA-BGLUCA 1 0.38 29 

TRITA 1 270 30 

EPTPA 1 330 31 

 

 

     The water exchange lifetime should be 

short enough to allow efficient transfer of the 

inner sphere relaxivity to the bulk water, but 

not so short that it shortens the correlation 

times for the dipole-dipole interactions (Eq. 

10).  The ideal water exchange lifetime is 

found as: 

 

        
MT1

1
<

Mτ

1
<

Rτ

1
,

Sτ

1
                (21) 

 

which corresponds to kex ≈ 108 s-1 (see Table 

1). The exchange lifetime of a complex can be 

influenced by its binding to macromolecules, 

such as proteins, due to the possibility of 

hydrogen bonding interactions or to steric 

blocking of the water exchange pathway. 

     The optimization of τM is a determinant 

factor to obtain more efficient CA’s. Recent 

studies showed that the water exchange 

lifetime can be optimized by increasing the 

crowding near the paramagnetic ion in DTPA 

and DOTA-like Gd3+ complexes. This can be 

done by replacing a carboxylate arm by a 

phosphonate/phosphinate group or by 

introducing a CH2- unit in the linear or 

macrocyclic backbone or in a pendent 

arm.23,26,30,31 As a consequence of these 

changes, the bound water molecule is forced 

to leave faster due to the steric crowding and 

to the negative charge added.   

     Also, in the attempt to find more effective 

contrast agents, with optimized τM and τR 

values, novel Gd3+ chelates have been 

characterized.32,33 

 

4.3. Determination of ττττM 

 

     The residence lifetime of water molecules in 

the inner coordination sphere may be 

determined by analyzing the temperature 

dependence of the longitudinal34 and 

transverse35 relaxation rates of the water 17O 

resonances. The reduced relaxation rates and 

chemical shifts (1/T1r, 1/T2r and ωr) are 

calculated from the relaxation rates of the 
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paramagnetic solutions at certain 

concentrations and angular frequencies of a 

Gd3+ complex (1/Τ1, 1/Τ2 and ω) and from the 

relaxation rates of the acidified water reference  

(1/Τ1A, 1/Τ2A and ωA), which can be written as 

the following equations: 
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where 1/T1M and 1/T2M are the relaxation rates 

for the bound water, ∆ωM is the 17O NMR 

chemical shift difference between the bound 

and bulk water and PM is the molar fraction of 

the bound water. The outer sphere relaxation 

rate contributions ( osT11 and osT21 ) are 

considered to be negligible.36 

     The temperature dependence of τM follows 

the Eyring equation (Eq. 25), where ∆S
# and 

∆H
# are the activation entropy and the 

activation enthalpy, respectively, for the 

dynamic process and 298

exk  is the water 

exchange rate at 298K, T is the absolute 

temperature. 
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According to this equation, the temperature 

dependencies of 1/T1r and 1/T2r are dependent 

on which term dominates in the denominator of 

Eqs. 22 and 23. At high temperatures, when 

the system is in the ‘fast exchange’ regime, 

1/T2M is the dominant term, and when the 

system is in ‘slow exchange’ τM is the 

dominant term. At high temperatures, the inner 

sphere contribution (∆ωM) to ∆ωr is given by the 

chemical shift of the bound water molecules, 
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which is determined by the hyperfine 

interaction between the unpaired electron of 

the Gd3+ and the 17O nucleus, as is show in 

Eq. 26, where gL is the Landé factor, µB is the 

Bohr magneton, γI is the gyromagnetic ratio of 

the nucleus (which is 17O in this case),  S is the 

electronic spin quantum number, A/ћ is the 

Gd-17O hyperfine coupling constant and ωI is 

the nuclear Larmor frequency: 

        I

BI

BL
M

A

Tk

SSg
ω

γ

µ
ω

h
.
)(

.
3

1+
=∆     (26) 

     

     When considered, the outer sphere 

contribution, ∆ωos, to the chemical shift is 

assumed to possess a linear relation with ∆ωM 

by an empirical constant Cos (Eq. 27). 

 

                  ∆ωos = Cos∆ωM                       (27) 

 

     The longitudinal 17O NMR relaxation rate in 

the Gd3+ solution is governed by the dipole-

dipole and quadrupolar mechanisms, and is 

described as:36,37 
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RieMid T τττ

1111
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where r is the mean Gd3+-O distance, I is the 

nuclear spin, χ = (e2
qzzQ/h ) is the quadrupolar 

coupling constant, η  =(qxx–qyy/qzz) is the 

asymmetry parameter, eQ is the nuclear 

electric quadrupolar moment, eqii (i=x,y,z) are 

the principal values of the electric field gradient 

at the nucleus, and the other symbols maintain 

the meaning given before. The factor (1 + η2/3) 

has the value 1 for pure water. 

     In the case of the transverse 17O NMR 

relaxation, the scalar contribution is the most 

important mechanism and is given by Eqs. 30 

and 31: 
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     The water exchange rate can be directly 

obtained from the 17O NMR transverse 

relaxation rate, especially when the system is 

in the slow exchange regime (kex low 

compared with 1/T2M). 

 

4.4. Reorientational Correlation Time (ττττR) 

 

     In the range of magnetic fields that are 

used in clinical MRI studies (0.5 – 2.0 T, that 

means 20 -85 MHz), the reorientational 

correlation time (τR) is the determining 

parameter of the relaxivity of Gd3+ complexes 

with low molecular weight, as τR determines τc  

(Eq. 10). Several strategies to increase the 

reorientational correlation time of 

paramagnetic complexes have been used, 

based in the fact that the reorientational 

correlation time increases with the molecular 

volume of the complexes: (i) covalent 

attachment of the complex to large molecules 

such as proteins or polysacharides,24,38 (ii) 

non-covalent binding of the complexes to 

macromolecules39,40 and (iii) a self-assembly of 

small chelates.41,42 

     Figure 6 shows NMRD profiles as function 

of τR calculated from the SBM equations, 

where τR is lengthened (and τc1 as well). For 

small molecules, τR values increase linearly 

with increasing molecular weight and for larger 

molecules τR is determined via both local and 

global rotations. Thus, internal rigidity plays an 

important role in the optimization of τR as a 

function of molecular weight. 

 

4.5. Determination of ττττR 

 

     For small spherical molecules τR can be 

estimated using the Debye-Stokes equations 

(Eq. 32).5,24 

 

Tk

r

B

eff

R
3

4
3πη

τ =         (32) 

 

where reff is the effective radius of the 

molecule, η  is the microviscosity of the 

solution, kB is the Boltzamann constant and T 

is the absolute temperature. Here, both reff and 

η are difficult to determine and an alternative 

approach is to use the τR dependence of the T1 

value of the water 17O nuclei, where the 

relaxation of these nuclei in paramagnetic 

solutions is governed by dipolar (Eq. 6) and 

quadrupolar (Eq. 33)  mechanisms37, where I 

is the nuclear spin, χ  is the quadrupolar 

coupling constant, η  is the asymmetry 

parameter and ωΙ is the nuclear Larmor 

frequency.      

     Other techniques that can be used to 

determine τR are based on 2H and 13C NMR of 

diamagnetic analogues of the investigated 

Gd3+ complexes.  
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Figure 6. Simulated inner sphere relativities. τR = 1ns (left) and τR = 0.1ns.5 

 

 

  

In the first procedure, a chemical modification 

is required by introducing deuterium atoms into 

the ligand molecule,43 which is not always 

possible. 2H longitudinal29,44 and transverse45 

relaxation rates, which are dominated by 

quadrupolar interactions, are measured and τR 

can be determined using Eqs. 33 and 34. 
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     When the 13C NMR technique is used to 

determine τR, the dipole-dipole relaxation rate 

of a 13C nucleus in a diamagnetic complex is 

measured.29 This is given by Eq. 35: 

 

     R

CH

CHo

dip r
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T
τ

γγ

π

µ
..

6

2222

1 4

1 h

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
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


=           (35) 

where, ћ is the Dirac constant, N is the number 

of hydrogen atoms bound to the 31C nucleus 

and rCH is the distance between the 31C 

nucleus and a directly bound hydrogen atom. 

The dipole-dipole contribution to the observed 

relaxation rate can be determined using the 
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nuclear Overhauser enhancement of the 

corresponding resonance. 

     In the two latter methods, the measured 

relaxation rates are directly proportional to R 

and no separation of different contributions is 

needed. However, this advantage is offset by 

the disadvantages that a diamagnetic ion is 

used instead of Gd3+ and also that they 

measure the rotation of the C-H/D vector and 

not the rotation of the metal-coordinated water 

molecule. 

 

4.6. Nuclear Magnetic Resonance 

Dispersion (NMRD) 

 

The solvent water proton relaxation 

rate R1 (1/T1) possesses magnetic field 

dependence, resulting from its inner and outer 

sphere mechanisms. Thus, the parameters 

involved in the paramagnetic relaxation can be 

obtained through a magnetic field dependence 

study. This is performed by measuring the 

solvent proton longitudinal relaxation rates 

over a range of magnetic fields with a field-

cycling spectrometer that switches the 

magnetic field strength over a range 

corresponding to proton Larmor frequencies. 

The data points represent the so-called 

Nuclear Magnetic Resonance Dispersion 

(NMRD) profile that may be fitted with Eqs. 3-

11, Eqs. 14-15 and Eqs. 18-20 to obtain the 

values of the relaxation parameters. 

Since the number of parameters 

involved in the relaxation process is quite high, 

the NMRD fittings are often subject to errors. 

For this reason, a accurate interpretation of  

NMRD profiles can only be done by inclusion 

of independent information obtained from other 

techniques, such as: 17O NMR measured at 

variable temperature, pressure and magnetic 

field for determination of τM, τR and longitudinal 

electronic relaxation rates;36,46 2H or 13C NMR 

also for τR determination;43-45 EPR is another 

very useful technique commonly used, where 

the line widths give direct access to transverse 

electronic relaxation rate.1;215,22 

From a NMRD profile, despite these 

inaccuracies, it is possible to reach some 

conclusions concerning the relaxation 

processes. First, at the high magnetic field 

region (10-100 MHz) the inner-sphere 

relaxation is governed by the reorientational 

correlation τR time, which is dependent on the 

molecular weight of the complexes. The 

NMRD profile at the low magnetic field region 

is mainly determined by the zero-field 

electronic relaxation time τs0 (where 

τs0=(12∆2τV)-1) . Thus, it depends on the 

symmetry of the complex and on the chemical 

nature of the coordinating groups. Figure 7 

shows the NMRD profiles of three clinically 

approved CAs.5 All of them have one inner 

sphere water molecule and similar size, 

meaning that they have very similar τR values 

and therefore the relaxivities are almost 

identical at high magnetic field. However, in 

the low field region, the profile of the more 

symmetrical DOTA complex has a much 

higher relaxivity than the others as a 

consequence of its much longer zero-field 

electronic relaxation time τS0. The determined 
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τS0 values are 650ps for [Gd(DOTA)(H2O)]-47 

and 72 and 81ps for [Gd(DTPA)(H2O)]2- and 

[Gd(DTPA-BMA)(H2O)], respectively.22 

 

5. Classes of Contrast Agents 

 

     A very high spatial resolution and the ability 

in distinguish soft tissues are the main 

advantages of MRI. However, insufficient 

contrast is one of the drawbacks of this 

technique. For this reason, a number of such 

substances have been developed and 

researchers are directed to find more selective 

contrast media that would allow a better 

delineation of diseases thus helping 

radiologists in giving a more precise diagnosis. 

Below, are described the more recent classes 

of contrast agents and some examples are 

given providing an overview of new ideas and 

their applications. The conventional 

extracellular CAs and the hepatobiliary agents 

will not be discussed here, as they have been 

extensively discussed previously.5,24,48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. NMRD curves for three clinically approved Gd3+ chelates at 25oC.5 

 

 

5.1. Blood Pool Agents 

 

     Blood pool agents (intravascular contrast 

agents) are macromolecular agents of high 

molecular weight (> 20 KDa) which remain in 

the intravascular system for a prolonged time 

compared with conventional contrast agents, 

which diffuse quickly into the interstitial space. 
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Their concentration in the plasma remains 

stable over one hour, as its mainly renal 

elimination requires the previous degradation 

of the macromolecule. This allows imaging of 

the vasculature, known as magnetic resonance 

angiography (MRA) or cardiovascular 

imaging.5 This advantage over conventional 

MRI contrast media allows high resolution 

MRA of several organs using respiratory or 

cardiac gating techniques with a single 

contrast bolus. Vascular abnormalities, 

associated with certain tumors or 

atherosclerosis, can be detected.48 The blood 

pool contrast agents can be divided in several 

classes: (i) small complexes interacting with 

plasma proteins, (ii) system based on 

liposomes and (iii) systems based on polymers 

or particulates.48 

The most promising approach is the non-

covalent binding of low molecular weight 

complexes to plasma proteins, in particular 

albumin (0.67 mM or 4.5 % concentration in 

the blood plasma). In this field, several 

complexes have been synthesized by 

attaching a hydrophobic moiety to a chelating 

agent.  The most successful is the MS-325 

Gd3+ complex (Fig. 8, right) that binds strongly 

and reversibly to Human Serum Albumin 

(HSA) in plasma49 and which is now 

commercialized by Schering as Vasovist®. 

 

      

 

 

 

 

 

 

 

 

 

Figure 8. Structure some amphiphilic complexes able to bind plasma proteins 
contrast agents for MRA. 

 

 

     The loading of liposomes and micelles with 

amphiphilic polychelate polymers was reported 

and different paramagnetic agents have been 

encapsulated into the liposomes.50-53 Other 

systems that can be used as blood pool agents 

are polymeric or particulate compounds. 

Examples of these are low molecular weight 

Gd3+ complexes conjugated to different 

polymers,38 ultrasmall particles of iron oxides 

(USPIO)54 and Gd3+ zeolites.55 

However, apart from the USPIOs, none of 

these agents has so far found a clinical 
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application due to high production costs and 

safety problems.56 

 

5.2. Targeting Contrast Agents 

 

     Targeting of contrast agents at a specific 

site (eg. a receptor) at the cellular membrane 

is an objective to which special attention is 

devoted by researchers involved in the 

synthesis of CAs, mainly because the 

development of approaches able to recognize 

and image a specific ‘signature’ of a given 

disease (molecular imaging) makes the task of 

diagnosis and therapy much easier. Thus, the 

development of high affinity ligands and their 

conjugation to contrast agents is one of the 

requirements for efficient molecular probes. 

However, the main problem of this approach 

using Gd3+ based contrast agents is that MRI 

is a technique of low sensitivity, so that to 

reach 50% of contrast enhancement it is 

necessary to have a local concentration of CA 

of the order of 0.5 mM. This, combined with 

the very low concentration of receptors in the 

cell membrane (10-9-10-13 mol/g of tissue) 

makes it difficult to obtain an image with good 

contrast. Also the saturation of all available 

receptors would interfere with the normal 

metabolic equilibrium, leading possibly to cell 

death.57 The minimum detectable 

concentration of a CA depends on its relaxivity. 

While for [Gd(HPDO3A)] (r1 = 3.7 s-1mM-1 at 90 

MHz) this value is too high (5x10-7 mol/g or 

100 µM), for a 6th generation dendrimer 

conjugate substituted with 170 Gd-DTPA 

chelates (r1 = 5800 s-1mM-1 per dendrimer) it 

has a manageable value (1.9x10-10 mol/g).57  

The high relaxivity of the later macromolecular 

CA results from the presence of a large 

number of Gd3+ chelates packed in a small 

volume, resulting in a high relaxivity per Gd3+ 

ion (r1 = 34.1 s-1(mM Gd)-1, which is a 

consequence of the slow rotational dynamics 

of the CA, with some degree of internal 

rigidity.48 

     An approach suggested by Aime et al to 

targeting tumor cells (some of which are 

known to have abnormally high negative 

charges on their cell surface) consists of a 

previous interaction of the tumor cell surface 

with a polypeptide formed by positively 

charged amino acids, such as polyarginine, 

that is suitable to interact with a negatively 

charged CA that is added later.58 

     The targeting of cell surface receptors can 

be pursued by using labeled antibodies or low 

molecular weight targeting complexes. In the 

first approach, due to the slow diffusion of the 

antibodies, the most accessible targets are 

those present on the endothelial vessels. 

Sipkins et al
59 have described the targeting of 

the endothelial integrin αVβ3, a specific 

angiogenesis marker whose concentration 

correlates with the tumor grade. A Gd-

containing polymerized liposome was used as 

imaging probe. Figure 9 shows the schematic 

representation of the process (pre-targeting 

approach), where firstly the target is bound to 

a biotinylated monoclonal antibody against 

αVβ3, which is well recognized by an avidin 
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moiety present on the liposome surface, which 

carriers the Gd3+ chelate reporter groups. 

     Recently, the same αVβ3 target has been 

addressed with lipidic nanoparticles containing 

Gd+3 chelates. 60 Although the possibility of 

extensive substitution of some antibodies 

without loss of immunoreactivity, has been 

demonstrated when they are labeled with 

liposomes, dendrimers or polymeric chelates 

and nanoparticles, the large molecular size of 

these systems limits the technique.48 For this 

reason, the search for low molecular weight 

targeting CAs able to accumulate quickly at 

specific cell surface sites was stimulated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic representation of targeting of the endothelial αVβ3 
angiogenesis marker.59 

 

 

     Frullano et al have reported a study in the 

field of low molecular weight targeting CAs that 

is based on the abnormal glycosilation of 

tumor cell surfaces, which have much higher 

content of sialic acid residues (> 109/cell) than 

normal cells (~ 106/cell), where the sialic acid 

residues are recognized by a modified Gd3+ 

chelate.61 

Another way to accumulate CAs at the target 

site is by cell internalization processes, in 

which for a successful internalization process, 

the concentration of the agent inside the cell 

should be higher than at the cell surface. 

These internalization processes may occur via 

receptor mediated endocytosis or via 

pinocytosis and phagocytosis mechanisms. 

Concerning cell internalization via receptors, 

an interesting example is the entrapment of 

several units of CA inside the inner spherical 

cavity of apoferritin (Fig. 10), which after 

intravenous administration is quickly cleared-

up by specific receptors on hepatocytes.62,63 

Among a number of systems, Gd-HPDO3A is 

a good candidate to labeling stem cells via the 
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pinocytosis mechanism,64 where a few millions 

of stem cells are incubated in a culture 

medium containing GdHPDO3A in the mM 

concentration range (10-50 mM). Another 

internalization mechanism that can be 

exploited is by phagocytosis, the process of 

internalization of particles by cells endowed 

with phagocytic activity. This goal was reached 

by Aime et al, where the phagocytosis occurs 

with Gd3+-DTPA bis-stearylamide derivatives 

forming biodegradable Gd-containing particles. 

These were designed so that the insolubility is 

a property of the Gd3+ chelates themselves.65 

 

5.3. Responsive Contrast Agents 

 

     The term ‘responsive’ refers to 

paramagnetic systems that are sensitive to a 

given physico-chemical parameter that 

characterizes their microenvironment. Typical 

parameters to which these systems should be 

responsive are (i) pH, (ii) temperature, (iii) 

oxygen pressure, (iv) enzymatic activity, (v) 

redox potential and (vi) concentration of a 

specific ion. 

 

pH sensitive  

     These CAs are of great interest in cancer 

detection, as the pH at the surface of tumors is 

about 0.4 units lower than for normal tissue. 

The requirement for a system to be pH-

sensitive is that either the dynamics or 

structural properties determining its relaxivity 

are pH-dependent. The pH dependence of the 

relaxivity reflects changes in the hydration 

number of the metal chelates and the 

presence of protonatable groups on the 

ligands can influence these changes.66 

  

  

 

 

 

 

 

 

 

 

 

Figure 10. Schematic representation of Gd-HPDO3A loaded apoferritin.62 

 

 

In a Gd3+ complex bearing an arylsulfonamide 

group, it has been demonstrated that the 

observed decrease in the relaxivity with 

increasing pH is due to the presence of two 

water molecules in the inner sphere of the 

complex at acid pH, while at high pH no 

 

 



Ann. Magn. Reson. Vol. 6, Issues 1/2, 1-33, 2007                                                                 AUREMN © 
 

 

 

 

 

 

24 
 

coordinated water is present (Fig. 11). In 

another case, Zhang et al have demonstrated 

that the pH dependence of the relaxivity of 

GdDOTA-4AmP (amino phosphonate 

tetraamide derivative) is due to changes in the 

second coordination sphere,68 where these 

changes are related with the 

formation/disruption of hydrogen bonds 

between the pendant phosphonate groups and 

water molecules bound to the Gd3+ ion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. pH dependence of the relaxivity of a Gd3+ complex bearing a arylsulfonamide group 
(20MHz, 25oC). 67 

  

 

     An example of how the changes in dynamic 

properties affect the relaxivity is represented 

by a polyamino acid conjugated with Gd3+ 

complexes (Fig. 12).69 In this case, depending 

on the protonation state of the free amino 

groups, the tertiary structure of the polymer is 

random and flexible (at low pH) when they are 

protonated, as they tend to stay as far from 

each other as possible giving a low relaxivity, 

or can adopt a more rigid and compact 

structure with higher relaxivity (at high pH) due 

to the formation of intramolecular hydrogen 

bonds between adjacent peptidic linkage (Fig. 

12). 

     Recently Tóth et al, have reported a Gd-

fullerene water soluble in which the relaxivity is 

pH dependent, which is a good candidate for 

applications in this field.70 

 

Temperature sensitive 

     It is known that some Ln3+ chelates have 

temperature dependent NMR properties and 

their 1H NMR chemical shifts are applied for 

their monitoring. For this reason, some of them 

are considered to be good temperature 

probes.71,72 

     Another example of a temperature 

dependent probe consists of the encapsulation 

of Gd3+ chelates into liposomes.73 Here, the 

membrane transition from gel to liquid crystal 

occurs at a certain temperature. At this point, 

changes in the permeability of the membrane 

occur and the mobility of the water molecules 
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through the membrane changes, consequently 

the relaxivity also changes. 

 

 

 

 

 

 

 

 

 

 

Figure 12. Chemical structure of the 
macromolecular construct formed by 30 Gd3+ units 
covalently linked by a squaric acid moiety to a poly-
ornithine.69 
 

 

Agents sensitive to the redox potential  

     The partial oxygen pressure (pO2) is also 

an important parameter in the metabolic 

processes of the cells and its variation is 

related with certain pathologies. The usual 

systems used as pO2 probes are based on the 

redox equilibria of paramagnetic ions, such as 

Mn2+/Mn3+ and Eu2+/Eu3+. The relaxivity of 

these systems depends on the oxidation state 

of the metal ion and thus is dependent on the 

oxygen pressure.74 

 

CAs sensitive to enzyme activity 

     The strategy used by Anelli et al to obtain 

enzyme responsive agents was to synthesize 

a linear Gd3+ complex possessing an 

arylsulfonamide moiety that is an inhibitor of 

carbonic anhydrase (Fig.13).75 Here, the 

relaxivity is enhanced as a result of the 

increased reorientational correlation time τR 

upon interaction with the enzyme. 

     The alternative approach used is the 

development of Gd3+ complexes acting as a 

subtrate for a specific enzyme. The strategy 

now is that the enzyme specific contrast 

agents are converted by specific enzymes into 

compounds with higher relaxivity. Some 

examples are: (i) a Gd3+-DTPA derivative with 

a negatively charged phosphorylated side-

chain, which does not interact with HSA, is 

responsive to alkaline phosphatase activity, as 

hydrolysis of this side-chain yields an 

hydrophobic moiety well suited to bind to HSA 

and increase r1.
76 (ii) A Gd-DO3A derivative 

responsive to β-galactosidase activity.77 

 

 

 

 

Figure 13. Chemical structure of a Gd3+ complex 
which shows a high binding affinity towards carbonic 
anhydrase.75 
 

Metal ion and radical responsive CAs 

     Here, the presence of metal ions can 

induce changes in the structure of the 

paramagnetic complexes, changing 

consequently their relaxivities. Calcium and 

iron responsive systems have been 

reported.78,79 In the first case, two Gd3+ 

complexes are conjugated via a Ca2+ binding 

spacer. In the presence of calcium its 
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coordination occurs by shifting of four 

carboxylate groups (two for each Gd3+ chelate) 

from the Gd3+ to the Ca2+ ion. Consequently 

two water molecules will coordinate in the 

inner sphere of the complexes, giving an 

increase in the relaxivity (Fig. 14).78 

     Recently, a novel radical responsive CA 

has been reported, which consists of Gd3+ 

chelates conjugated to a liposome through a 

disulfide linker (Fig. 15). The disulfide bonds 

represent a radical-sensitive moiety and a 

large decrease in the relaxivity is observed 

upon their cleavage.80 

  

 

 
 

 

 

 

 

 

 

 

 

 
Figure 14. Schematic representation of Gd(DOPTA) displaying different 
conformations in the presence of Ca2+ ions.78 

 

 

5.4. Chemical Exchange Saturation 

Transfer (CEST) Agents 

Some years ago, a new class of contrast 

agents that is based on the chemical exchange 

saturation transfer has been proposed.81 

Basically a CEST agent is a molecule 

containing mobile protons, whose exchange 

rate with the bulk water protons is slow in the 

NMR timescale. In other words, the exchange 

rates between the mobile protons and the bulk 

water molecules must be smaller than the 

difference in frequency (∆ω) between the 

respective chemical environments, ∆ω ≥ kex. 

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 B1 and then the chemical 

exchange process transfers the saturated 

magnetization from the mobile protons of the 

CEST agent to the bulk water molecules, 

whose signal intensity will decrease 

accordingly (Fig. 16). 
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Figure 15. Schematic representation of Gd-HASH-DO3A conjugated to liposome.80 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Scheme of a CEST process.67 

 

 

     Since ∆ω increases with the magnetic field 

strength, the overall relationship between ∆ω  

and kex will be a function of the field strength of 

the MR experiment. A larger ∆ω value 

improves the specificity of the CEST effect 

because for many tissues the magnetic field 

inhomogeneity, which will broaden their 

resonances, can exceed 2ppm.82 

     Since the attainable saturation transfer (ST) 

value is directly related to kex, it is expected 

that paramagnetic complexes, displaying large 

∆ω values for the exchanging proton 

resonance, may improve the efficacy of the 

CEST agents. These so called PARACEST 

agents consist of particular Ln3+ complexes 

with a coordinated water molecule undergoing 

extremely slow exchange with the bulk water, 

and with very large ∆ω values. Zhang et al 

reported a good ST effect by irradiating the 

metal-bound water protons of Eu3+ chelates 

resonating at 50 ppm downfield from the bulk 

water.83The same effect can be obtained with 

slow exchanging amide protons of Ln3+ 

complexes of DOTA derivatives.84 Recently, it 
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has been reported that paramagnetic Ln3+ 

complexes of tetraamide derivatives of DOTA 

(Fig. 17) show ST properties which are 

markedly dependent on pH and lactate 

concentration, making them responsive  

CAs.85-87 

     An advantage of CEST agents relative to 

the traditional MRI CAs is that the generation 

of contrast occurs only if the rf irradiation 

frequency to the absorption frequency is set 

equal of the mobile protons. For this reason, 

the registration of an image before the CEST 

agent administration is not required because 

the image visualization of CEST agents results 

from the comparison of the on and off 

resonance MRI scan. Furthermore, a co-

administration of different CEST agents at 

same time is possible (since the difference on 

resonance frequencies of their mobile protons 

is large enough to avoid the overlapping of the 

respective CEST resonances) making possible 

the detection of their biodistribution in the 

same image.88 In this way, it is possible to 

make the CEST response independent of the 

absolute concentration of the agent by using 

ratiometric methods. 

     The most critical disadvantage of CEST 

agents is their low sensitivity. Theoretically, the  

ST process is dependent on a lot of 

parameters, among which kex and the number 

of mobile protons available are particularly 

relevant. Small sized CEST agents, containing 

less than 10 mobile protons per molecule, 

such as amino acids, heterocyclic compounds, 

sugars or paramagnetic chelates, have the 

detection limit in the range of mM.81,86,87,89 

 

 

 

 

 

 

 

 

 

 

Figure 17. Structure of some DOTA tetra-amides studied as CEST CAs. 

 

     To solve this problem, some approaches 

were suggested in order to increase the 

number of mobile protons in the CEST agents, 

among which the investigation of the ST 

properties in macromolecules, both 

diamagnetic (polyaminoacids, dendrimers and 

RNA-like polymers) and paramagnetic ones,90-

92 in which their detection limit goes down into 

the range of µM. Another approach to improve 

the sensitivity of CEST agents is represented 
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by liposomes, which are water-permeable 

lipidic vesicles commonly used in the 

pharmaceutical field as drug delivery systems. 

Here the number of mobile protons which can 

be entrapped in a liposome cavity is in the 

range of 106-109, depending on the liposome 

size. Besides the water molecules, an efficient 

paramagnetic shift reagent, such as 

[Tm(DOTMA)]-, is also entrapped in the 

liposome cavity, shifting the proton  resonance 

of trapped water relative to the bulk water. Due 

to the slow water exchange across the 

liposome membrane, this type of assembly 

(Fig. 18), named LIPOCEST agent, can be 

used to generate a CEST image at nM 

concentration.93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Schematic representation of the encapsulation of water molecules and a 
paramagnetic complex into the liposome cavity to be used as PARACEST agent. 

 

 

6. Conclusions 

  

 The clinical success of the commercialized 

non-specific, hepatobiliary and angiographic 

Gd3+-based MRI contrast agents is quite clear. 

However, the development of clinically 

acceptable targeted and responsive CAs is a 

much greater challenge. One obvious task for 

the design of these new generation agents is 

to improve the proton relaxivity of their reporter 

groups. Slowing down the rotation of these 

agents by conjugation to macromolecules has 

led to much lower relaxivity gains than 

expected on the basis of the increase of 

molecular weight, mainly due to lack of rigidity 

of the linker, but also to the difficulty of 

simultaneously optimizing the rotational, water 

exchange and electron spin relaxation 

parameters. A proper ligand design still may 

overcome this problem.94 

 Another major challenge for MRI-based 

targeted CAs being usable as molecular 
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imaging agents is the efficient delivery of a 

high payload (tens, hundreds or even 

thousands) of reporter groups to each target 

site. In fact, an ideal targeted MRI CA should 

allow the detection of molecular events at the 

nM concentration range. For this purpose, 

LIPOCEST agents and nanoparticulate CAs 

seem to be the most promising approaches.95 
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