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A B S T R A C T

Gadolinium Based Contrast Agents (GBCAs) are routinely used in the clinical practice to enhance the diagnostic 
potential of MRI. Their contrast enhancing capabilities rely on their ability to increase the relaxation rate of 
tissue water protons. This property is expressed by the relaxivity, whose value is determined by structural, 
electronic and dynamic characteristics of the GBCA. Based on extensive experimental work over the past four 
decades and the well-established theory of paramagnetic relaxation, it is usually possible to correlate observed 
relaxivity values to specific molecular properties. Key determinants include the number of water molecules and/ 
or exchangeable protons in the first and second coordination spheres, their distance from the paramagnetic Gd3+

ion, the ion’s electronic relaxation time, molecular reorientation time, and the exchange rate of the coordinated 
water molecules. Understanding the key factors that affect relaxivity has enabled the design of systems with 
optimized structural and dynamic properties. However, some examples demonstrate exceptional relaxivity which 
cannot be fully explained by the established theory. In particular, GBCAs within confined environments show 
significant promise for developing high-relaxivity agents. Overall, one may state that nowadays it is possible to 
attain highly efficient GBCAs thanks to the in-depth understanding of the structural and dynamic determinants of 
their relaxivity, together with the optimization of their in vivo stability and biodistribution/excretion properties. 
This knowledge is crucial for the rational design of the next generation of MRI CAs. The domain of Molecular 
Imaging will also largely benefit from these efforts.

1. Introduction

The contrast observed in an MRI image results from an interplay of 
multiple factors, including the relative T1 and T2 relaxation times of 
water proton nuclei, tissue proton density, and instrumental settings. 
MRI’s exceptional ability to distinguish between soft tissues has estab
lished it as one of the leading imaging techniques for medical diagnostics 
[1].

Contrast in MRI can be further enhanced through the use of contrast 
agents (CAs). These paramagnetic compounds significantly accelerate 
the relaxation rates of water protons, providing not only anatomical 

detail but also valuable physiological insights. Consequently, the use of 
CAs has become an integral part of diagnostic protocols, particularly in 
applications such as organ perfusion assessment, blood-brain barrier 
evaluation, kidney function analysis, angiography, and tumor detection.

Unlike the contrast agents used in X-ray CT or nuclear medicine, MRI 
contrast agents do not appear directly in the images. Instead, their 
presence is inferred from the changes they induce in water proton 
relaxation rates, which ultimately influence the intensity of the NMR 
signal [2,3]. Typically, the goal is to shorten T1 to generate a strong 
signal within a shorter acquisition time, thereby enhancing the 
signal-to-noise ratio. Contrast agents that predominantly reduce T1 are 
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classified as positive, whereas those that primarily affect T2 are termed 
negative. The search for effective positive CAs has focused on para
magnetic metal complexes, due to the ability of their unpaired electrons 
to decrease both T1 and T2. Among these, Gadolinium-Based Contrast 
Agents (GBCAs) have emerged as the most effective and widely utilized, 
with all MRI contrast agents currently in clinical use being 
Gd-complexes [3–5].

The ability of GBCAs to enhance T1 contrast in targeted regions de
pends on both extrinsic and intrinsic factors. Extrinsic factors include the 
strength of the magnetic field and the used acquisition sequence, while 
intrinsic properties relate to the specific structure and dynamic behavior 
of each GBCA, which collectively define its T1 relaxivity (r1).

While optimizing the relaxivity of contrast agents is key to improving 
their efficiency, ensuring high safety standards is equally critical for 
potential clinical applications.

Increasing attention has been given in recent years to GBCAs long- 
term safety profile, particularly concerning gadolinium-induced neph
rogenic systemic fibrosis (NSF) and the potential for gadolinium depo
sition in tissues. NSF is a rare but serious condition that was first linked 
to certain GBCAs in patients with impaired renal function, particularly 
those based on linear ligands with lower kinetic stability [6]. This led to 
regulatory restrictions and prompted a shift toward macrocyclic com
plexes, which offer significantly greater thermodynamic stability and 
kinetic inertness [7–10], thereby reducing the risk of Gd3+ release. More 
recently, evidence of gadolinium retention in the brain and other tissues, 
even in individuals with normal renal function, has further underscored 
the importance of designing agents with minimal dissociation risk and 
efficient clearance [11,12]. Although no definitive clinical consequences 
have been demonstrated from Gd deposition at the administered doses 
of current GBCAs, these findings have reinforced the drive toward 
developing high-relaxivity agents that can be administered at lower 
doses. As a result, safety considerations now play a central role in the 
development of next-generation MRI contrast agents, where efficiency, 
coordination chemistry, stability, biodistribution, and excretion profiles 
must be evaluated in an integrated manner as interconnected design 
parameters.

For all these reasons, this review is not limited to, but primarily fo
cuses on macrocyclic complexes, which are known for their superior 
thermodynamic stability and kinetic inertness.

2. Results and discussion

2.1. What are the highest theoretically achievable relaxivity values 
according to paramagnetic relaxation theory?

Relaxivity (r1) measures the increase in the longitudinal relaxation 
rate of water protons in solutions containing a paramagnetic metal at the 
concentration of 1 mM. Over the past three decades, substantial ad
vancements have been made in elucidating the intricate relationships 
between the structural and dynamic properties of paramagnetic com
plexes and their relaxivity [4,5]. The observed proton longitudinal 
relaxation rate (R1obs) in an aqueous solution of a paramagnetic complex 
is given by the sum of the following terms3. 

i) The diamagnetic contribution (R1
0), accounting for the relaxation 

rate of solvent water protons that would have been measured in 
the presence of a corresponding diamagnetic complex.

ii) The paramagnetic contribution from the exchanging protons in 
the inner coordination sphere of the metal ion (R1p

IS ), i.e. coordi
nated water molecules and/or other mobile protons belonging to 
ligand’s functionalities involved in the coordination scheme of 
the paramagnetic metal ion. The exchange of these protons with 
the “bulk” water extends the paramagnetic effect to surrounding 
solvent water protons.

iii) The paramagnetic contribution from the outer coordination 
sphere (R1p

OS), resulting from interactions between the 

paramagnetic center and freely diffusing water molecules in its 
immediate environment.

Robs
1p =Ro

1 + RIS
1p + ROS

1p (1) 

Occasionally, a fourth paramagnetic contribution is often consid
ered, arising from mobile protons or water molecules associated to the 
surface of the chelate in the metal ion second coordination sphere (R1p

SS) 
[13].

The inner-sphere contribution R1p
IS is given by: 

RIS
1p =

q[C]
55.5(T1M + τm)

(2) 

where [C] is the concentration of the paramagnetic agent, q is the 
number of water molecules (generally 1 or 2) directly coordinated to the 
metal ion, τm is their exchange lifetime and T1M is the longitudinal 
relaxation time of the exchanging protons.

T1M is typically assessed using the formula originally derived by 
Solomon, Bloembergen, and Morgan for simple aqua-ions [14–16]: 
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Here, S represents the electron spin quantum number, γI denotes the 
proton nuclear gyromagnetic ratio, while ge and μβ correspond to the 
electronic g factor and the Bohr magneton, respectively. Additionally, ωI 
and ωS refer to the proton and electron Larmor frequencies, respectively, 
and τc represents the correlation time.

τc is given by the sum: 

τ− 1
c = τ− 1

R + τ− 1
m + τ− 1

s (4) 

Therefore, among the three correlation times—τr (reorientational), τs 
(electronic), and τm (exchange)—the shortest one dictates the value of 
τC, which consequently determines T1M and, in turn, the overall inner- 
sphere relaxivity. An analogous treatment holds for R1p

SS.
The first generation of commercial contrast agents (CAs) consisted of 

monohydrated (q = 1) complexes with molecular weights ranging from 
approximately 600 to 800 Da, endowed with rotational correlation 
times (τr) of about 60–80 ps. In this class of complexes, the coordinated 
water molecule’s exchange lifetime (τm) typically falls between 200 and 
500 ns, while the electronic relaxation time (T1e) is around 1 ns at 0.5 T. 
These factors contribute to an inner-sphere relaxivity (r1

IS) of roughly 
2.5–3.5 mM− 1s− 1 at 25 ◦C. Under these conditions, it was soon recog
nized that at 0.5 T, the overall correlation time (τc) is primarily deter
mined by the reorientational correlation time, with a limited influence 
from both water exchange dynamics and electronic relaxation. Ac
cording to paramagnetic relaxation theory, relaxivity is maximized 
when the correlation time (τc) is approximately the inverse of the proton 
Larmor frequency. By the late 1990s [17], it was understood that the 
simultaneous optimization of all key parameters could theoretically lead 
to significantly higher relaxivity values at clinically relevant magnetic 
field strengths. Specifically, a monohydrated Gd-based probe could 
achieve T1 relaxivity values of approximately 100 mM− 1s− 1 at 0.5 T and 
60 mM− 1s− 1 at 1.5 T.

Along with correlation times associated with solution dynamics, a 
critical structural factor affecting inner-sphere relaxivity is the hydra
tion number (q), which acts as a linear scaling factor in Equation (2). An 
increased number of coordinated water molecules (q > 1) provides a 
distinct benefit for inner-sphere relaxivity, with the value being doubled 
for Gd-complexes where q = 2.

Finally, in some cases, an additional contribution to relaxivity can be 
obtained when water molecules or exchangeable protons are present in 
the second coordination sphere of the complex. Although not directly 
coordinated to the Gd(III) ion, they are held nearby through a network 
of hydrogen bonds at the ligand’s surface, thereby enhancing the 
observed relaxivity.
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2.1.1. How far have we advanced in optimizing molecular tumbling (τr) 
and inner-sphere water exchange (τM)?

As anticipated in the previous paragraph, for polyaminocarboxylate 
complexes of the Gd(III) ion, high relaxivities at imaging fields (0.5–1.5 
T) can be achieved when long τr values are present [17]. Consequently, 
systems with slower motion have been developed to attain high relax
ivities. A slowdown of the reorientational dynamics can be achieved by 
increasing the size of the system as, for spherical molecules, τr is pro
portional to the radius (a) of the molecule as described by the following 
equation: 

τR =
4πa3η
3kT

(5) 

Basically, three routes have been explored to endow the Gd-chelates 
with long molecular reorientational times: i) increasing the molecular 
weight of the metal complex through the introduction of bulky sub
stituents on the ligand structure; ii) forming a covalent or non-covalent 
adduct between the complex and a slowly tumbling macromolecule (i.e. 
proteins); iii) designing nanosized supramolecular systems bearing 
gadolinium(III)-based compounds.

In all cases, the overall rigidity of the system remains a key param
eter to achieve high relaxivities. Indeed, fast local motions of the Gd(III) 
containing units should be prevented in order to take full advantage of 
the slow rotational dynamics of the entire macromolecule. Internal 
flexibility was shown to be detrimental for the relaxivity gain in various 
nanosized paramagnetic probes, including dendrimers [18], polymers 
[19], micelles [20], etc. This internal flexibility could be quantified via 
the analysis of 1H relaxation data by separating local and global motions 
using the Lipari-Szabo formalism, which proved to be useful for the 
rational design of improved, more rigid paramagnetic systems.

2.1.1.1. – Larger molecular probes. Indeed, this route has been recently 
exploited in the design of two systems of the “second-generation” 
GBCAs, namely Gadopiclenol (Elucirem®, Guerbet; Vueway®, Bracco) 
[21], already approved for clinical use, and Gadoquatrane (Bayer 
Healthcare) [22], a tetrameric macrocyclic structure still in clinical trial 
development, both endowed with increased molecular weight and 
characterized by relaxivity values that are two-threefold higher than 
those shown by the “first-generation” GBCAs (Fig. 1) [23]. In the case of 
Gadopiclenol, the enhanced relaxivity has to be ascribed, apart from the 
increased molecular weight, to a higher inner sphere hydration (q = 2, 
further discussed in paragraph 1.2) as well as to an additional second 
sphere contribution [24].

Numerous preclinical studies dealt with molecular probes endowed 
with increased molecular weight, achieved by either attaching larger 
side chains to low-molecular-weight Gd-chelates or via assembling 

multimeric Gd-complexes. Notable examples of the first approach 
include P846 [25] and P792 [26] that were reported years ago. P846 is a 
medium-sized, macrocyclic chelate featuring a three-armed structure 
with a single Gd(III) complex at its core. It has a molecular weight of 3.5 
kDa and a hydrodynamic diameter of approximately 4 nm, making it 
nearly six times larger than Gd-DOTA (0.6 kDa). This increased molec
ular size leads to significantly enhanced r1 relaxivity values, reaching 32 
mM− 1s− 1 at 1.5 T and 24 mM− 1s− 1 at 3 T (both measured at 37 ◦C), 
which are considerably higher than those of conventional 
low-molecular-weight Gd-DOTA.

P792, also known as Gadomelitol or Vistarem, is a monomeric Gd- 
DOTA chelate featuring four bulky hydrophilic groups surrounding its 
core. It has a molecular weight of approximately 6.5 kDa and a hydro
dynamic diameter of about 7 nm. This structural arrangement yielded 
relaxivity values of 27 mM− 1s− 1 at 1.5 T and 12 mM− 1s− 1 at 3 T (both 
measured at 37 ◦C). In systems like P846 and P792, a key factor 
contributing to the enhanced relaxivity appears to be the preferential 
alignment of the rotation axis along the Gd-H2O vector.

However, the relaxivity drops by more than half when passing from 
1.5 T to 3 T, a behavior attributed to the large size of P792. As discussed 
in session 2, increasing the size of a probe too much can be detrimental 
for applications at higher field strengths [27].

Among the multimeric Gd-chelates, EP2104R stands out as the only 
molecular imaging GBCA to have advanced to clinical trials. This fibrin- 
targeting, tetrameric Gd-based contrast agent is designed for thrombus 
detection and consists of an 11-amino acid peptide modified with two 
GdDOTA-like units at both its C- and N-termini, incorporating a total of 
four Gd ions. When bound to fibrin, EP2104R exhibits a relaxivity of 
71.4 mM− 1s− 1 per molecule (equivalent to 17.4 mM− 1s− 1 per Gd) at 
37 ◦C and 1.4 T [28].

In the class of multimeric Gd-chelates several other systems have 
been proposed, some examples are discussed in section 2.

2.1.1.2. – Adducts with proteins. Since the development of new contrast 
agents is primarily motivated by the goal of their in vivo use, and possible 
clinical translation, one of the most widely pursued strategies to achieve 
large-sized systems has been to leverage interactions with endogenous 
proteins. Since all approved GBCAs are administered in vivo through 
intravenous injection, this approach often looked at the exploitation of 
human serum albumin (HSA) as the interacting protein (Fig. 2A). In 
addition to achieving high relaxivities, a strong binding affinity to HSA 
allows the Gd(III) chelate to remain in the bloodstream for an extended 
period of time, a key characteristic for an effective blood pool contrast 
agent in MR angiography.

In this regard, considerable research efforts have been focused on 
designing Gd(III) chelates with functional groups on their surface that 

Fig. 1. Longitudinal proton relaxivities (mM− 1 s− 1) of commercial GBCAs at different magnetic fields, in water (A) and human plasma (B) at 37 ◦C [21–23].
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facilitate reversible binding to HSA. Early representative examples of 
such Gd(III) complexes still in clinical use are Gadoxetate and 
Gadobenate. They show a relatively weak interaction with serum al
bumin (Ka = 490 M− 1 and 250 M− 1, for Gadobenate [29] and Gadox
etate [30], respectively), that, however, is sufficient for generating a 
plasma relaxivity higher than the ones reported for other first generation 
GBCAs (Fig. 1B).

An improved albumin-binding Gd-complex is represented by Gado
fosveset (MS-325) [31], an injectable angiography imaging agent 
developed in the late nineties by EPIX Medical (formerly Metasyn) and 
then approved with the name of Vasovist® (Bayer Schering Pharma AG) 
for use in magnetic resonance angiography in the European Union, 
Switzerland, Turkey, Australia, and Canada [32]. Later (in 2017) its 
production was discontinued by the manufacturer due to poor sales. 
Despite its withdrawal, it remains a reference compound for 
HSA-binding contrast agents, as its effectiveness (plasma relaxivity 
measured at 0.5 T and 37 ◦C, around 40 mM− 1 s− 1) is in the upper range 
of values ever reported. This value can be accounted for the occurrence 
of a very strong binding to HSA (Ka = 11 mM− 1) [31]. However, all the 
three agents discussed in this paragraph are derived from the linear 
Gd-DTPA structure thus endowed with lower kinetic inertness in respect 
to macrocyclic systems [7].

Derivatives of Gd-DOTA, upon functionalization with benzylox
ymethyl [33] or dibenzylamino-methylphosphinate [34] moieties 
allowed to achieve good binding affinities and relaxivities in the pres
ence of HSA (53.2 and 52 mM− 1 s− 1 at 0.47 T and 25 ◦C for Gd-DOTA 
(BOM)3 and Gd-DO3A-dibenzylamino, respectively). Analogously 
Gd-AAZTA, following conjugation with a deoxycholic acid moiety [35] 
(Gd-AAZTA-MADEC) reached the relaxivity of 38.7 mM− 1 s− 1 at 0.47 T 
and 37 ◦C.

It should be noted that according to the paramagnetic relaxation 
theory, the reorientational time of HSA-adducts (approximately 30 ns) 
predicts much higher relaxivity values (up to ca. 100 mM− 1 s− 1) than 
those typically observed. Evidence has been gained to show that one 
reason for the limited relaxation enhancement is often related to a 
relatively long exchange lifetime (τm) of the coordinated water mole
cule. When rotation slows down upon the formation of a large-sized 
system, such as an albumin adduct, the exchange rate of the coordi
nated water molecule may become a limiting factor for the attainment of 
high relaxivities if it falls outside the optimal range of 10–50 ns at 0.47 T 
[5]. The clinically approved macrocyclic GBCAs (Gd-DOTA, 
Gd-HPDO3A, Gd-BT-DO3A) have water exchange dynamics (τm in the 

range 200–300 ns) which becomes sub-optimal when their motion is 
slowed down upon the formation of protein adducts. The reason for this 
slow water exchange is that their solution structures adopt mainly a 
square antiprismatic (SAP) coordination geometry. A second structure is 
possible for DOTA-like macrocyclic chelates, termed twisted square 
antiprismatic (TSAP), which, in the above mentioned complexes, is less 
populated than the first one [36]. It was shown that the water exchange 
in TSAP isomers is up to 100 times faster than in the SAP isomer [37], 
thus strategies to design Gd-chelates where the isomers distribution is 
pushed toward TSAP conformation were intensively pursued [38]. One 
of these strategies foresees the introduction of bulky substituents on the 
pendant acetic arms in order to stabilize the preferred TSAP conforma
tion while decreasing the interchange between the two.

Recently, two new α-aryl substituted Gd-DOTA derivatives were re
ported, in which several key parameters for achieving theoretically high 
relaxivity were optimized simultaneously [39]. One of these com
pounds, Gd-DOTFA, exhibits preferential TSAP conformation (SAP/T
SAP ratio = 1:7), fast water exchange (τm = 19 ns), improved electronic 
relaxation, and moderate binding affinity to serum albumin (Ka = 220 
M− 1). Theoretical models predict an impressive relaxivity of 110 mM− 1 

s− 1 (at 0.47 T and 25 ◦C) when the complex would be fully bound to the 
protein. However, despite these promising features, the binding affinity 
to serum albumin appears insufficient to deliver the expected high 
relaxivity when dissolved in human serum at clinically relevant MRI 
doses.

Along the same line of reasoning, a lot of efforts has been devoted to 
the functionalization of Gd-HPDO3A to obtain improved albumin 
binding Gd-complexes [40–42]. Recently, a new Gd-HPDO3A derivative 
(Gd-HIBDO3A-DCA) [42] was reported where the introduction of an 
additional methyl group on the hydroxyl arm favored the stabilization of 
the TSAP structure (SAP/TSAP ratio = 1:8.5 and τm = 53 ns) and the 
presence of a deoxycholic acid residue guaranteed high HSA binding (Ka 
= 9.1 × 104 M− 1). Unfortunately, also in this case, the relaxivity 
measured in human serum (r1 = 26.8 mM− 1 s− 1 at 0.47 T and 25 ◦C), 
even if high, is lower than what theoretically expected. The optimized 
water exchange dynamics, in fact, could not be fully exploited in the 
formation of the supramolecular adduct with serum albumin due to the 
occurrence of local flexibility of the protein-bound complex and a 
slightly increased distance between the gadolinium ion and the water 
protons (rGd-H). In fact, it has been shown how the internal rotation of 
the linker adds flexibility, leading to a shorter effective reorientational 
correlation time for the Gd-complex compared to the system’s global 

Fig. 2. Examples of slowly tumbling Gd-containing systems based on proteins. Images reported in D) were reproduced with permissions from ref. [52].
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rotation [43]. Consequently, the increase in molecular size does not 
result in a proportional reduction of the tumbling motion and, thus, in an 
effective enhancement of relaxivity [44]. Examples of Gd-complexes 
with improved relaxivities have been reported, by incorporating 
linkers that hamper restricted local rotations. A Gd-EGTA (EGTA =
ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid) de
rivative incorporating an aromatic moiety, although with a modest HSA 
binding affinity (Ka = 8.8 x 103 M− 1), showed a very high measured 
relaxivity (80 mM− 1 s− 1 at 0.7 T and 25 ◦C), close to the maximum 
theoretical one, thanks to the small rotational movements provided by 
the rigid naphthalene-based binding moiety, as confirmed by molecular 
docking calculations [45,46].

These findings outline the importance of introducing rigid spacers in 
the design of GBCAs-binding to proteins.

Other strategies to accelerate water exchange in both linear and 
macrocyclic Gd3+ complexes, rely on the generation of increased steric 
crowding around the water binding site [47,48] The same approach to 
enhance water exchange rate was later used to improve the relaxivity of 
HSA-bound zinc-sensitive agents [49]. As discussed, binding to HSA has 
typically been achieved by introducing substituents that recognize 
well-established lipophilic drug-binding sites, known as Sudlow sites I 
and II, with binding affinities that are also affected by the amount of 
fatty acids bound to the protein [50]. However, a recently reported 
approach has explored enhancing relaxation through the set-up of novel 
noncovalent interactions, such as electrostatic salt bridges and cation− π 
interactions. This approach leverages the reversible formation of bind
ing motifs with proteins that have abundant positively charged groups 
exposed on their outer surface.

Cation− π interactions are primarily electrostatic, where a positively 
charged cation interacts with the negatively charged electron cloud of a 
π-system. These interactions are notably stronger than typical hydrogen 
bonds. In this context, a gadolinium-based contrast agent, Gd-L1, was 
synthesized featuring a trisulfonated pyrene derivative of HPTS on its 
surface [51]. The interaction of this GBCA with proteins presenting 
many cationic amino groups on their surfaces was then investigated, 
highlighting this alternative mechanism for generating relaxation 
enhancement. The presence of a large π-system proved advantageous in 
facilitating cation-π interactions and forming salt bridges with proton
ated amino groups on serum proteins (albumin and γ-globulins) as well 
as extracellular matrix (ECM) proteins like collagen. This resulted in 
significantly high and concentration-dependent relaxivity, reaching up 
to 26.5 mM− 1 s− 1 at 25 ◦C and 0.5 T in human serum, and 12.4 mM− 1 s− 1 

in an ECM-mimicking medium. The efficacy of this contrast agent was 
further demonstrated in vivo, where MRI signal enhancement in the 
liver, kidneys, and spleen after intravenous administration was up to six 
times greater than that of the parent compound Gd-HPDO3A, while 
maintaining an analogous rapid excretion. This increased in vivo per
formance can be attributed to enhanced uptake of Gd-L1 in the extra
vascular space, where numerous interactions with proteins in the 
extracellular and extravascular environment may occur. Gd-L1 repre
sents a prototype for a new class of protein binding paramagnetic metal 
complexes. Such small and hydrophilic agents are capable of establish
ing weak but abundant interactions with endogenous proteins in both 
the vascular and ECM environments.

An alternative way to achieve an increase in relaxivity by exploiting 
the interaction with proteins was proposed some years ago by designing 
a system in which several units (ca. 10) of Gd-HPDO3A are trapped in 
the inner cavity of apoferritin (Fig. 2B) [53]. The objective was to 
design a system with a large protein surface to facilitate interaction with 
the paramagnetic complex, impacting a significant number of hydration 
water molecules and mobile protons. The spherical innner compartment 
of apoferritin provides enough space to entrap 8–10 contrast agent 
molecules, while water molecules can freely move in and out of the 
cavity. As a result, the relaxivity exhibited by each Gd-complex within 
the apoferritin is remarkably high, reaching approximately 80 mM− 1 s− 1 

at 0.47 T and 25 ◦C. This value is nearly 20 times greater than the 

relaxivity of free Gd-HPDO3A in water and ranks among the highest 
reported for Gd-complexes containing a single coordinated water 
molecule.

A further impressive enhancement in relaxivity was recently re
ported for a gadolinium nanoparticle encapsulated within human H- 
ferritin nanocage (Gd-HFn) [54]. Gd-HFn, with a mean diameter of 
approximately 10 nm, were synthesized by loading Gd3+ ions into the 
cavities of HFn nanocages (about 37 Gd ions per nanocage) via diffusion 
through ion channels, followed by the formation of a Gd nanoparticle 
(mean diameter ~ 1 nm) within the nucleation site. The claimed 
relaxivities were as high as r1 = 549 mM− 1 s− 1 per Gd at 1.5 T and r1 =

428 mM− 1 s− 1 per Gd at 3.0 T, surpassing all previously reported values. 
Although the precise mechanisms underlying this exceptional relaxivity 
remain unclear, it is likely that the encapsulation of the Gd nanoparticle 
within the HFn nanocage significantly enhances dipolar interactions 
between Gd ions and nearby water molecules.

Thanks to the high affinity and specificity of HFn for transferrin re
ceptor 1 (TfR1), which is overexpressed in many tumors and high-risk 
atherosclerotic plaques, the remarkable MR sensitivity of Gd-HFn 
enabled the visualization of tumors as small as ~ 2 mm in diameter — 
approaching the size of the angiogenic switch (1–2 mm) — as well as 
atherosclerotic plaques, with an administered dose as low as 0.016 
mmol Gd/kg. Although the biosafety of this system was evaluated both 
in vitro and in vivo through histological analysis of major organs, 
revealing no pathological abnormalities, further safety studies appear 
necessary. A 10 % release of Gd3+ ions was observed after 60 h of in
cubation in 10 % mouse serum at 37 ◦C, an amount that, of course, 
cannot be considered negligible.

Alternatively to non-covalent interactions, protein-based delivery of 
paramagnetic probes to achieve high relaxivity can also be accom
plished by creating a covalent bond between a suitably modified Gd- 
complex and reactive sites on proteins [55,56]. An interesting 
example was reported a few years ago, in which four Gd-DOTA de
rivatives were attached to the tetrameric protein L-asparaginase II 
(ANSII), a biological drug used clinically to treat leukemia (Fig. 2C) 
[57]. In this way, a relaxivity, at 37 ◦C and 1 T magnetic field, as large as 
ca. 35 s− 1 mM− 1 was measured.

Another particularly promising approach was pursued by Yang and 
colleagues, who engineered chimeric proteins incorporating one or 
more gadolinium-binding sites with high metal selectivity, within a 
stable and potentially fully functional host protein [52]. This group was 
very active in the last years and numerous examples of protein-targeted 
MRI contrast agents (ProCAs) have been investigated, where high 
relaxivity was achieved due to the engineered contributions of a second 
shell formed by trapped water molecules within the rigid protein envi
ronment, a slower rotational correlation time (τr = 3–10 ns), and a 
suitably short water residency time [52]. Particularly interesting sys
tems are those represented by ProCA1 [58], designed by de-novo 
creating a Gd(III)-binding site on domain 1 of cell adhesion protein 
(CA1.CD2), and ProCA32s [59], where 2 Gd(III)-binding sites were ob
tained by reshaping two Ca(II)-binding sites in parvalbumin (Fig. 2D). In 
ProCA1 (MW ~ 12 kDa), the bound Gd(III) ion exhibits minimal internal 
tumbling, with a rotational correlation time of approximately 10 ns. The 
metal ion is coordinated by two inner-sphere water molecules and sur
rounded by additional second-sphere water molecules. This configura
tion results in an exceptionally high relaxivity of 117 mM− 1 s− 1 at 37 ◦C 
and 1.5 T, one of the highest ever reported. However, despite its high 
relaxivity and strong Gd(III) selectivity over Zn(II), the thermodynamic 
stability of Gd-ProCA1 required improvement, as its conditional stability 
constant (log Kcond) was only 12.06.

To address this issue, a new system, ProCA32, was developed. In the 
new design, the coordination spheres of the two Gd(III) ions are nearly 
fully saturated by oxygen-donor groups from the protein, with a single 
water molecule in the first coordination shell shared between the two 
coupled Gd-binding EF-hand sites (0.5 molecules per Gd). While 
ProCA32 owns a reduced inner-sphere hydration compared to ProCA1, it 
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features about 10 water molecules hydrogen-bonded to the protein’s 
receptor groups, with an average of 5 molecules per Gd(III). This 
extensive second-sphere hydration contributes significantly to the 
relaxivity. As a result, ProCA32 exhibits high relaxivity (30 mM− 1 s− 1 at 
37 ◦C and 1.4 T) alongside with exceptional thermodynamic stability 
(log Kcond = 22.5 at pH = 7.2), outperforming both macrocyclic and 
linear GBCAs, which typically have log Kcond values around 17–18. 
Additionally, ProCA32 demonstrated remarkable selectivity for Gd(III) 
over Ca(II), Mg(II), and Zn(II), with selectivity values up to 100- to 1011- 
fold higher than commercial GBCAs. It also exhibits strong kinetic 
inertness comparable to macrocyclic GBCAs, significantly surpassing 
that of linear GBCAs. Notably, ProCA32 maintains strong serum stabil
ity, remaining intact for over 12 days [52,59].

While Gd-tagged ProCAs seem less suitable for routine contrast- 
enhanced MRI, they could be highly advantageous for molecular im
aging applications. Molecular imaging demands contrast agents with 
significantly higher relaxivity values than traditional low molecular 
weight GBCAs, as well as the capacity to target biomarkers specific for a 
given disease. For providing effective imaging evidence, the contrast 
between two neighboring areas have to rely on a relaxation rate dif
ference of approximately 0.5 s− 1. To cope with this requirement one 
needs to have, in the region of interest, about 100 μM of contrast agent 
(CA) with an r1 of 5 mM− 1 s− 1 at 1.5 T. However, the local concentration 
of Gd(III) required for in vivo imaging is generally significantly greater 
than the natural expression levels of molecular biomarkers. For instance, 
collagen, a biomarker in tumor microenvironments and liver and lung 
fibrosis, is generally present at concentrations between 1 and 20 μM. To 
detect such low biomarker expression levels, a CA must exhibit relax
ivity of at least 60 mM− 1 s− 1 [60]. To meet this challenge, the ProCA32 
platform was engineered with various targeting functionalities designed 
to bind specific biomarkers such as collagen [61,62], PSMA [63], CXCR4 
[60], and HER2 [64]. One notable example is ProCA32.collagen, which 
selectively targets Collagen I with high affinity (Kd = 1 μM) and speci
ficity over other collagen types(i.e collagens III and IV) [62].

Preclinical studies from the Yang laboratory demonstrated that 
ProCA32.collagen, with its high relaxivity (30 mM− 1 s− 1 at 37 ◦C and 
1.4 T) and a diameter of 2–3 nm, can detect lesions much smaller (100 

times) than the detection limits achieved with the current clinical 
contrast agents. It also shows promise in early-stage detection of liver 
fibrosis and hepatic cancers, with the ability to visualize lesions as small 
as 0.2–20 mm in animal models [61]. Furthermore, ProCA32.collagen 
offers advantages in safety due to its lower dosage requirements, strong 
resistance to transmetallation, and exceptional metal selectivity for 
Gd3+ over physiological metal ions, making it an excellent candidate for 
molecular imaging with strong translational potential.

2.1.1.3. – Nanosized Gd-based probes. Another effective strategy to 
reduce the reorientational mobility of a paramagnetic complex, thereby 
increasing relaxivity, is to confine the complex within nanosized 
matrices such as silica or gold nanoparticles, nanostars, nanotubes, self- 
assembled lipid nanoparticles, or nanogels. As discussed in the previous 
paragraph, the expected increase in relaxivity can be achieved provided 
that the exchange dynamics of coordinated water is sufficiently fast.

Although numerous preclinical studies have been conducted to 
develop and evaluate nanosized Gd-based probes, our focus will be on 
those that stand out for their exceptional relaxivity enhancement 
compared to others.

Mesoporous Silica Nanoparticles (MSNs) are among the most 
promising nanocarriers for various biomedical applications due to their 
unique structure, which features three distinct domains that can be 
independently exploited or functionalized, namely the silica framework, 
the internal pore walls, and the outer surface (Fig. 3A).

This versatility makes MSNs highly adaptable for a wide range of 
targeted uses [69]. From the relaxometric point of view, it is worth 
underlining that the position where the Gd-complex is bound, the 
porosity and the surface chemistry of the mesoporous silica could have a 
drastic influence on the relaxometric properties of the anchored para
magnetic centers. Higher relaxivity values are indeed achieved i) when 
the Gd-complex is attached to the external surface of the MSNs (for 
example, r1 = 53.6 mM− 1s− 1 at 0.5 T and 37 ◦C for a Gd-DOTAGA 
chelate selectively bound to the amino groups on the external surface 
of MSNs) [65] due to improved water accessibility to the paramagnetic 
complexes compared to when the probes are confined within the pores; 
ii) when the pore size increases, allowing better diffusion of water 

Fig. 3. Examples of slowly tumbling nanosized Gd-based probes. Images reported in A) B) C) and D) were reproduced with permissions from Refs. [65–68], 
respectively.
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molecules through the larger pores [70,71]; iii) when the number of 
reactive functional groups (such as silanol groups, neutral, or positive 
species) near the attached paramagnetic chelates is minimized, as seen 
when the relaxivity of Gd-DOTAGA-containing MSNs rises to 80 
mM− 1s− 1 at 0.5 T and 37 ◦C after unreacted amino groups are converted 
into neutral acetamide groups [72,73].

A notable example of a paramagnetic amorphous silica MRI probe 
was created by noncovalently confining Gd-EBPATCN complexes within 
a nanoporous silica matrix during sol-gel synthesis. When incorporated 
into 25 nm nanoparticles, these complexes exhibited exceptionally high 
relaxivity, reaching up to 84 mM− 1 s− 1 at 0.82 T and 25 ◦C. This 
outstanding relaxometric performance was ascribed to the unique 
structural and dynamic properties of the nanoparticles [74].

Advances in nanotechnology have devoted significant attention to 
MRI applications of carbon-based nanomaterials [75,76]. Different 
allotropic forms of carbon can be used to form efficient Gd-based carbon 
nanomaterials, such as gadonanodiamonds [77,78], gadonanotubes [66,
79], gadofullerenes [80,81], or gadographenes [82]. Among the various 
possibilities, the case of Gd-loaded carbon nanotubes stands out for the 
impressive relaxivity value which, in turn, has been for long time the 
highest ever reported for Gd-based systems. Upon the confinement of 
Gd3+ aqua ion clusters within ultra-short single-walled carbon nano
tubes (US-tubes, Fig. 3B), linear superparamagnetic molecular magnets 
were obtained with a per Gd relaxivity value as high as 173 mM− 1 s− 1 at 
1.5 T and 40 ◦C [66]. Interestingly, the relaxivity of these gadonano
tubes remains unchanged upon increasing the frequency, in contrast to 
any conventional Gd(III)-based probe. The unprecedentedly high proton 
relaxivities observed in Gd3+-n@US-tubes have been ascribed to the 
unique metal-ion environment, where superparamagnetic metal centers 
interact with a large number of coordinated and exchanging water 
molecules per Gd3+ ion, as well as to an exceptionally high mobility of 
protons inside the tubes [83]. However, a definitive explanation for both 
the exceptionally high relaxivity and its unusual dependence on mag
netic field strength has yet to be provided.

Interesting investigations on nanoparticle shape effects on proton 
relaxation were also reported. An example is represented by a nano
conjugate developed by covalently attaching a Gd(III) chelate to thio
lated DNA strands, followed by conjugation onto gold nanostars, 
resulting in the DNA-Gd@stars construct (Fig. 3C) [67]. These conju
gates demonstrate exceptional r1, reaching values as high as 98 mM− 1 

s− 1 at 0.5 T and 25 ◦C. By analyzing the nuclear magnetic relaxation 
dispersion (NMRD) data, the researchers credited the outstanding per
formance of DNA-Gd@stars to a substantially increased contribution 
from second-sphere relaxivity when compared to spherical contrast 
agents. Their findings demonstrated that the shape and surface curva
ture of the nanoparticles influence the arrangement of conjugated DNA 
strands on the particle surface. This organization plays a crucial role in 
retaining water molecules near the Gd(III) complexes for up to 10 times 
longer than typical diffusion would allow, contributing to the 
enhancement of the observed relaxivity. In a related study, other re
searchers investigated the relaxometric properties of Gd-loaded concave 
cube gold nanoparticles (CCGNPs, Fig. 3C) and confirmed that nano
particles with a negatively curved surface exhibit significantly higher 
relaxivity (r1 = 34 mM− 1 s− 1, at 0.61 T and 25 ◦C) compared to their 
spherical (convex) counterparts (r1 = 20.6 mM− 1 s− 1, at 0.47 T and 
25 ◦C) [68]. Analogously to the previous example, the primary factor 
driving the observed relaxation enhancement is the substantial contri
bution of second-sphere water molecules interacting with the concave 
surface of the CCGNPs.

As a further class of nanosized probes, Nanogels (NG) containing Gd 
(III) chelates represent promising hypersensitive MRI probes. In addition 
to restricting local reorientation due to the encapsulation of the contrast 
agent, the high water content and increased viscosity within the nanogel 
matrix contribute to generate good relaxivity enhancements. Most 
nanogels described in the literature are stabilized by noncovalent in
teractions, such as ionic bonds, hydrogen bonds, and hydrophobic 

forces, utilizing biocompatible polymers like chitosan [84] hyaluronic 
acid [85–87], or polypeptide-based systems [88]. In these systems, ionic 
or hydrophobic Gd-complexes are employed to promote polymer 
self-assembly and facilitate the nanogel formation (Fig. 3D). Mixed 
chitosan-hyaluronate-based nanogels (NGs) containing two different Gd 
(III) complexes with distinct coordination geometries and hydration 
states, namely Gd-DOTA (q = 1) and Gd-AAZTA (q = 2), revealed 
marked relaxivity increases. The relaxivity of NG/Gd(DOTA) was 28.6 
mM− 1 s− 1 at 0.47 T and 25 ◦C, while NG/Gd(AAZTA exhibited a 
relaxivity of 62.4 mM− 1 s− 1 at the same experimental conditions [86]. 
This doubling in relaxivity is consistent with the presence of two coor
dinated water molecules in Gd-AAZTA compared to just one occurring in 
Gd-DOTA. Quite surprisingly, instead, is the relaxation efficiency shown 
by chitosan-hyaluronate nanogels containing Gd(DOTP), a complex 
lacking any metal-bound water molecules (q = 0). Two studies were 
reported where very similar Gd(DOTP) containing nanogels were 
characterized, and the relaxivity were determined to be 98 mM− 1 s− 1 

(0.47 T, 37 ◦C) [85] and 78 mM− 1 s− 1 (0.47 T, 25 ◦C) [87]. Although the 
relaxivity values of the two systems differ, both are substantially higher 
than those measured for mono- or bis-hydrated complexes within the 
same nanogel. Tentatively, the observed high relaxivity was accounted 
in terms of the large number of water molecules present in the bulk 
phase of the nanogel, which engage in strong and long-lived hydrogen 
bonding interactions within the second coordination sphere of the 
complex.

2.1.2. How far have we advanced in optimizing hydration (inner and 
second sphere)?

As shown above, much work devoted to the search of high relaxiv
ities has been done by increasing water exchange rate and reducing 
molecular tumbling rate, but the hydration state (number and position 
of the water molecules in the inner coordination sphere) can affect as 
well the maximum achievable relaxivity [89]. Using hepta- or 
hexa-dentate ligands, instead of the traditional octa-dentate ones, en
ables the synthesis of Gd(III) complexes with 2 or 3 coordinated water 
molecules, respectively, providing a clear advantage in terms of relax
ation enhancement as relaxivity scales up with the number of coordi
nated water molecules (see Equation (2)). However, reducing the ligand 
denticity often compromises the thermodynamic stability of the result
ing metal complexes, potentially increasing their toxicity. Moreover, 
systems with q = 2 may experience a ’quenching’ effect on relaxivity 
when interacting with endogenous anions (carbonate, phosphate, 
lactate …) [90,91] or donor atoms from Asp or Glu on proteins [92], as 
these groups can displace the coordinated water molecules from the 
metal inner coordination sphere. However, several stable and inert Gd 
(III) chelates with two inner-sphere water molecules, such as Gd-PCTA 
[93], Gd-HOPO [94], Gd-AAZTA [95], Gd-Py (Py = 2,6-pyr
idine-diylbis(methylene nitrilo)] tetraacetate) [96], and their numerous 
derivatives, have been identified (see Fig. 4) and are being closely 
studied [97–99]. Notably, a derivative of Gd-PCTA, Gadopiclenol, has 
recently been introduced into clinical practice. It provides relaxivity 
values of 12.5 mM− 1 s− 1 in water and 13.2 mM− 1 s− 1 in human serum at 
0.47 T and 37 ◦C. These values are 2–4 times higher than those of 
"first-generation" GBCAs, the increase being largely ascribed to its 
doubled inner-sphere hydration. These findings prompted the study of 
pyclen-based complexes, particularly aiming to understand and opti
mize the thermodynamic stability and kinetic inertness of the resulting 
Gd complexes. Recently, it was discovered that adding two ethyl groups 
to the ethylene moiety of the pyclen backbone, creating a chiral ligand 
known as X-PCTA-2, significantly enhances both relaxivity (6.5 vs. 5.1 
mM− 1 s− 1 at 1.41 T and 37 ◦C) and thermodynamic stability (log KGd− L 
= 21.3 vs. 20.4) of the resulting Gd complex compared to the parent 
Gd-PCTA [100].

Interesting (and surprising) observations were reported in a study 
where it was found that reducing the denticity of the ligand leads to a 
significant enhancement in kinetic inertness. In an attempt to explore 
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new ligand frameworks for obtaining stable and inert bis-hydrated Gd- 
complexes, three chiral ligands featuring a highly rigid (1S,2S)-1,2- 
cyclobutanediamine spacer, along with varying numbers of acetate and 
picolinate groups, were synthesized [101]. Potentiometric studies 
revealed similar thermodynamic stability for the Gd3+ complexes 
formed with either the octadentate (L3)4- or the heptadentate (L2)4- 

analogues (log KGdL = 17.41 for Gd(L2) and 18.00 for Gd(L3)). 
Furthermore, the monohydrated Gd(L3) complex was found to be much 
more labile than the bishydrated Gd(L2). Although the inertness of Gd 
(L2) is not sufficient for practical in vivo MRI contrast agent applications, 
this complex represents an unusual case where a decrease in ligand 
denticity leads to a significant increase in kinetic inertness.

Some attempts have been made to increase the hydration number to 
q = 3 in Gd complexes, consistently leading to higher relaxivity [102,
103]. However, these Gd complexes have invariably lacked sufficient 
thermodynamic stability and kinetic inertness, rendering them unsuit
able for use as effective contrast agents in vivo.

An alternative approach to enhance relaxivity by increasing hydra
tion, while preserving the high denticity of the ligand and ensuring 
stability, has been extensively explored by optimizing second-sphere 
hydration [13]. The second-sphere contribution to relaxivity occurs 
only when the residence lifetime of structured water in the second co
ordination shell is longer than the diffusion correlation time. This is 
made possible by hydrogen bonding interactions with polar groups on 
the outer surface of the ligand. Extensive research has explored various 
hydrogen-bond-acceptor groups to optimize this effect, including 
phosphinate [104], phosphonate [105,106], carboxylate [107], diols 
and hydroxyl pendant arms [108]. These modifications have consis
tently led to enhanced relaxivity beyond what is expected from inner- 
and outer-sphere contributions alone. For instance, Gadopiclenol not 
only benefits from increased molecular weight and inner-sphere hy
dration, but its relaxivity receives also a significant contribution from 
the second-sphere water molecules. This is due to the presence of three 
isoserinol arms on the ligand, which effectively capture 
hydrogen-bonded water molecules. The increased rotational correlation 
time further amplifies the second-sphere relaxivity effect, as demon
strated by the examples discussed in paragraph 1.1. In these cases, the 
formation of supramolecular nanosized systems results in exceptionally 

high relaxivity, which can be attributed entirely [59,85,87] or largely 
[66–68] to the presence of second-sphere water molecules.

2.1.3. Increased relaxivity by catalysis of the prototropic exchange
In principle, the exchange of mobile protons from the ligand of a Gd 

(III) complex with the bulk water is an additional process to enhance the 
nuclear relaxation rate of solvent water protons. Among clinically 
approved GBCAs, Gd-HPDO3A and Gd-BT-DO3A are neutral complexes, 
where the Gd(III) coordination sphere consists of four nitrogens from the 
macrocyclic ring, three oxygens from the acetic arms, a hydroxyl group, 
and a water molecule. Although there has been limited research on 
exploiting this contribution in Gd-BT-DO3A and its derivatives, signifi
cant work has been carried out on Gd-HPDO3A and its related com
pounds (Fig. 4).

Typically, the hydroxyl proton of Gd-HPDO3A is involved in a slow 
exchange with the bulk water at physiological pH (too slow to affect the 
relaxivity) while the exchange is catalyzed at basic pH conditions (at pH 
~ 10, the proton exchange contribution leads to a Δr1 =+1.2 mM− 1 s− 1, 
at 0.47 T and 25 ◦C) [110]. However, studies have demonstrated that the 
proton exchange of the hydroxyl group can be accelerated also at neutral 
pH by basic components in buffers such as phosphate, carbonate, and 
HEPES [110,111]. Additionally, introducing appropriate functional 
groups (e.g., phenol, carboxylate, amine, amide) near the coordinating 
hydroxyl moiety can facilitate the formation of intramolecular hydrogen 
bonds with the hydroxyl moiety, further influencing the proton ex
change rate, thus enhancing the observed relaxivity (Table 1) [109,112,
113]. The beneficial contribution to relaxivity afforded by accelerated 
prototropic exchange is even more evident when the relaxivity is 
measured in human plasma. In fact, evidence has been gained to show 
that an improved relaxivity is obtained in biological fluids due to both 
slowing down the rotational dynamics and an activated contribution 
from exchangeable protons [42,51,109].

2.2. Optimized relaxivity at high magnetic fields

Magnetic resonance scanner technology has advanced significantly, 
with field strengths rising from 0.1 T in the 1980s to modern clinical MRI 
systems operating at 1.5–3 T and with 7 T scanners recently approved 

Fig. 4. Structures of representative Gd-complexes with two inner sphere water molecules (left) or with activated prototropic exchange (right). Gd-L1a and Gd-L2 
from Ref. [109], Gd-HIBDO3A-DCA from Ref. [42], and Gd-L1b from Ref. [51].

L. Palagi et al.                                                                                                                                                                                                                                   European Journal of Medicinal Chemistry 292 (2025) 117668 

8 



Table 1 
List of GBCAs discussed in this review and their principal relaxometric parameters and characteristics.

GBCA r1 Relaxivity 
(mM− 1s− 1)

q τR τM 2nd 
sph

Features Ref

First generation GBCAs Gadopentetate 3.4 (water, 0.47 
T, 37 ◦C) 
3.1 (water, 3 T, 
37 ◦C) 
3.8 (plasma, 
0.47 T, 37 ◦C) 
3.7 (plasma, 3 T, 
37 ◦C)

1 58 ps (25 ◦C) 130 ns 
(37 ◦C)

no General purpose [17,
23]

Gadodiamide 3.5 (water, 0.47 
T, 37 ◦C) 
3.2 (water, 3 T, 
37 ◦C) 
4.4 (plasma, 
0.47 T, 37 ◦C) 
4.0 (plasma, 3 T, 
37 ◦C)

1 66 ps (25 ◦C) 1 μs (37 ◦C) no General purpose [17,
23]

Gadobenate 4.2 (water, 0.47 
T, 37 ◦C) 
4.0 (water, 3 T, 
37 ◦C) 
9.2 (plasma, 
0.47 T, 37 ◦C) 
5.5 (plasma, 3 T, 
37 ◦C)

1 88 ps (25 ◦C) ​ no Hepatospecific, weak HSA binding [17,
23]

Gadoxetate 5.3 (water, 0.47 
T, 37 ◦C) 
4.3 (water, 3 T, 
37 ◦C) 
8.7 (plasma, 
0.47 T, 37 ◦C) 
6.2 (plasma, 3 T, 
37 ◦C)

1 178 ps 
(25 ◦C)

124 ns 
(37 ◦C)

no Hepatospecific, weak HSA binding [17,
23]

Gadoterate 3.4 (water, 0.47 
T, 37 ◦C) 
2.8 (water, 3 T, 
37 ◦C) 
4.3 (plasma, 
0.47 T, 37 ◦C) 
3.5 (plasma, 3 T, 
37 ◦C)

1 77 ps (25 ◦C) 108 ns 
(37 ◦C)

no General purpose [17,
23]

Gadoteridol 3.1 (water, 0.47 
T, 37 ◦C) 
2.8 (water, 3 T, 
37 ◦C) 
4.8 (plasma, 
0.47 T, 37 ◦C) 
3.7 (plasma, 3 T, 
37 ◦C)

1 ​ ​ no General purpose [17,
23]

Gadobutrol 3.7 (water, 0.47 
T, 37 ◦C) 
3.2 (water, 3 T, 
37 ◦C) 
6.1 (plasma, 
0.47 T, 37 ◦C) 
5.0 (plasma, 3 T, 
37 ◦C)

1 ​ ​ no General purpose [17,
23]

Prototropic exchange Gd-BzHPDO3A 4.3 (water, 0.47 
T, 37 ◦C) 
6.5 (plasma, 
0.47 T, 37 ◦C)

1 ​ ​ no Low MW, activated prototropic 
exchange

[112]

Gd-PhHPDO3A 4.9 (water, 0.47 
T, 37 ◦C) 
9.1 (plasma, 
0.47 T, 37 ◦C)

1 ​ ​ no Low MW, activated prototropic 
exchange

[112]

Gd-BzHPDO3A 4.7 (water, 0.47 
T, 37 ◦C) 
7.3 (plasma, 
0.47 T, 37 ◦C)

1 ​ ​ no Low MW, activated prototropic 
exchange

[112]

GdL1a 7.1 (water, 0.47 
T, 37 ◦C) 
10.9 (plasma, 
0.47 T, 37 ◦C)

1 ​ ​ no Low MW, activated prototropic 
exchange

[112]

(continued on next page)
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Table 1 (continued )

GBCA r1 Relaxivity 
(mM− 1s− 1) 

q τR τM 2nd 
sph 

Features Ref

GdL2 8.3 (water, 0.47 
T, 37 ◦C) 
12.5 (plasma, 
0.47 T, 37 ◦C)

1 ​ ​ no Low MW, activated prototropic 
exchange

[112]

Larger MW Gadopiclenol 12.5 (water, 
0.47 T, 37 ◦C) 
11.3 (water, 3 T, 
37 ◦C) 
13.2 (plasma, 
0.47 T, 37 ◦C) 
11.6 (plasma, 3 
T, 37 ◦C)

2 139 ps 
(37 ◦C)

85.8 ns 
(37 ◦C)

yes General purpose, bishydrated, 2nd 
sphere, intermediate/low MW

[21,
24]

Gadoquatrane 10.6 (water, 
0.47 T, 37 ◦C) 
9.9 (water, 3 T, 
37 ◦C) 
12.5 (plasma, 
0.47 T, 37 ◦C) 
10.5 (plasma, 3 
T, 37 ◦C)

1 ​ ​ no General purpose, tetrameric structure, 
interm. MW

[22]

P846 24.0 (water, 3 T, 
37 ◦C)

2 ​ ​ no Bishydrated, interm./high MW [25]

P792 39.0 (water, 
0.47 T, 37 ◦C) 
12.0 (water, 3 T, 
37 ◦C)

1 1.7 ns 
(37 ◦C)

96 ns (37 ◦C) yes 2nd sphere, High MW [26]

EP2104R 11.1 (water, 
0.47 T, 37 ◦C)

1 ​ ​ no interm./high MW, fibrin targeting [28]

Adducts 
with 
proteins

Non covalent 
adducts

Gadofosveset 
(MS325)

6.84 (water, 
0.47 T, 37 ◦C) 
5.47 (water, 1.4 
T, 37 ◦C) 
50.1 (HSA, 0.47 
T, 37 ◦C)

1 115 ps (free, 
37 ◦C) 
10.1 ns 
(bound, 
37 ◦C)

69 ns (free, 
37 ◦C) 
170 ns 
(bound, 
37 ◦C)

no Strong HSA binding, angiography [31]

Gd-DOTA(BOM)3 53.2 (HSA, 0.47 
T, 25 ◦C)

1 ​ ​ no Strong HSA binding [33]

Gd-DO3A- 
dibenzylamino

5.5 (water, 0.47 
T, 25 ◦C) 
52 (HSA, 0.47 T, 
25 ◦C)

1 92 ps (free, 
37 ◦C)

5 ns (free, 
37 ◦C)

yes Intermediate HSA binding, fast water 
exchange, 2nd sphere

[34]

Gd-AAZTAMadec 13.9 (water, 
0.47 T, 25 ◦C) 
38.7 (HSA, 0.47 
T, 37 ◦C)

2 200 ps (free, 
25 ◦C) 
τR
L = 460 ps 

(25 ◦C) 
τR
G = 6 ns 

(25 ◦C)

100 ns (free, 
25 ◦C)

no Strong HSA binding, bishydrated [35]

Gd-DOFTA 8.1 (water, 0.47 
T, 25 ◦C) 
110 (HSA, 0.47 
T, 25 ◦C)

1 161 ps (free, 
25 ◦C)

19 ns (free, 
25 ◦C)

no Weak HSA binding, fast water exchange [39]

Gd-HIBDO3A-DCA 8.1 (water, 0.47 
T, 25 ◦C) 
26.8 (HSA, 0.47 
T, 25 ◦C)

1 170 ps (free, 
25 ◦C) 
τR
L = 527 ps 

(25 ◦C) 
τR
G = 30 ns 

(25 ◦C)

53 ns 
(water, 
25 ◦C) 
18 ns 
(serum, 
25 ◦C)

no Strong HSA binding, fast water 
exchange, prototropic exchange

[42]

Gd-EGTA- 
naftalene

5.7 (water, 0.47 
T, 25 ◦C) 
68 (HSA, 0.47 T, 
25 ◦C)

1 58 ps (free, 
25 ◦C) 
τR
L = 6 ns 

(25 ◦C) 
τR
G = 41 ns 

(25 ◦C)

18 ns (25 ◦C) no Intermediate HSA binding, solidal 
tumbling with HSA

[45,
46]

Gd-L1 7.1 (water, 0.47 
T, 25 ◦C) 
26.5 (serum, 
0.47 T, 25 ◦C)

1 115 ns 
(25 ◦C)

189 ns 
(25 ◦C)

yes Weak HAS binding, 2nd sphere, 
prototropic exchange

[51]

Inclusion/ 
covalent 
binding

Gd-HPDO3A/ 
Apoferritin

80 (0.47 T, 
25 ◦C)

1 ​ ​ no High MW, compartimentalized [53]

Gd-HFn 549 (1.5 T, 
25 ◦C)

​ ​ ​ no High MW, compartimentalized [54]

Gd-DOTA-ANSII 35 (1 T, 37 ◦C) 1 3.4 ns 
(37 ◦C)

230 ns 
(37 ◦C)

no Covalently bound to the protein [57]

(continued on next page)
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for clinical applications [114]. Experimental scanners for both animal 
and human studies now reach field strengths as high as 9.4 T [115,116] 
and 11.7 T [117]. At higher fields a greater signal-to-noise ratio (SNR), 
higher spatial resolution and reduced acquisition times can be achieved. 
Consequently, the development of contrast agents optimized for higher 
magnetic fields has become a crucial task in designing next-generation, 
highly efficient MRI probes.

The theory on the interactions between a paramagnetic center and 
the water protons relies on the Solomon-Bloembergen-Morgan equa
tions (paragraph 1.1) containing field/frequency-dependent contribu
tions from dipolar and scalar interactions. As a consequence, the 
relaxivity of a given GBCA results to be field-strength dependent, with 
reduction up to ca. 50 % between 0.47 and 7 T for commercial GBCAs 
(Fig. 5) [23,118,119].

As a consequence, the optimal correlation times for maximizing 
relaxivity at 0.5 T differ from those that yield the highest relaxivity at 
3–7 T.

While for small, fast tumbling molecules the decrease in r1 with field 
is modest, for slowly tumbling molecules (τr = 10–30 ns), like GBCAs 
bound to serum albumin, the high relaxivities that peak between 0.5 and 
1 T sharply drop with increasing field. As nicely illustrated in a review 
by Caravan et al., [31] the strategy of markedly slowing rotational 
motion results in large gains in r1 at 0.5–1.5 T, but at high fields is much 
less effective.

To obtain good relaxivity over the 1.5–7 T range, intermediate 
rotational correlation times in the range 0.5–1.5 ns are most effective 
while the water exchange rate is not as critical as at lower fields. 
Moreover, as the inner- and second-sphere contributions to relaxivity 
scale linearly with the number of water molecules and are field inde
pendent, a higher hydration number would be beneficial at any field 
strength. Moreover, although very high relaxivity is theoretically 
possible at low fields, it requires a narrow range of correlation times (τR 
and τM), making it difficult to achieve, whereas higher fields allow good 
relaxivity across a broader range of exchange rates and dynamics [31].

Intermediate rotational correlation times are usually associated to 
rigid, medium sized (MW = 2–6 kDa) poly-nuclear Gd-complexes. 
Several examples are available, either based on self-assembly or on co
valent conjugation of Gd-chelates to a rigid core, for which increased 
high-field relaxivity has been reported [120,121]. It has been shown in 
high field MR imaging that the enhanced relaxation efficiency is 
retained in vivo [122]. In a study by Tei et al., [123] the relationship 
between relaxivity at high magnetic fields and rotational dynamics was 
explored using a homogeneous series of multimeric structures with 
molecular weights ranging from approximately 600 to 6000 Da. These 
structures consist of one to eight bis-hydrated Gd(AAZTA) complexes, 
linked via a central scaffold with a spacer designed to minimize internal 
rotation. The researchers found that relaxivity per Gd ion increased 
significantly, at 1.5 T and 298 K, from the monomer to the hexanuclear 
complex, with a remarkable 370 % enhancement. However, at 3 T, a 
linear increase in relaxivity was observed only up to the tetrameric 
structure, and at fields approaching or exceeding 7 T, no significant 
difference in relaxivity was noted between the trimer, tetramer, and 
hexamer. The authors concluded that the Gd3L3 complex (MW ~ 2 kDa) 
offered an excellent balance, displaying high relaxivity that remained 

Table 1 (continued )

GBCA r1 Relaxivity 
(mM− 1s− 1) 

q τR τM 2nd 
sph 

Features Ref

ProCA1 117 (1.5 T, 
37 ◦C)

2 ​ ​ yes High MW, 2nd sphere, used for targeted 
molecular imaging

[58]

ProCA32s 30 (1.4 T, 37 ◦C) 0 ​ ​ yes High MW, 2nd sphere, used for targeted 
molecular imaging

[59]

Nanosized systems Gd-DOTAGA-NP3 53.6 (0.5 T, 
37 ◦C)

1 τR
L = 3.7 ns 

(37 ◦C) 
τR
G = 0.1 ms 

(37 ◦C)

160 ns 
(37 ◦C)

no High MW, Bound to MSN [65]

Gd-DOTAGA-NP4 80.0 (0.5 T, 
37 ◦C)

1 τR
L = 3.0 ns 

(37 ◦C) 
τR
G = 0.1 ms 

(37 ◦C)

36 ns (37 ◦C) no High MW, Bound to MSN, fast water 
exchange

[65]

Gd-EBPATCN- 
MSN

84.0 (0.82 T, 
25 ◦C)

1 ​ ​ no High MW, bound to MSN [74]

Gd-n@US-tubes 173 (1.5 T, 
40 ◦C)

​ ​ ​ yes High MW, compartimentalized, 2nd 
sphere, prototropic exchange

[66]

DNA-Gd@stars 98 (0.75 T, 
25 ◦C)

1 >1000 ns 
(37 ◦C)

22 ns (37 ◦C) yes High MW, fast water exchange, 
negative surface curvature facilitate 
2nd sphere

[67]

NG/Gd-DOTA 28.6 (0.47 T, 
25 ◦C)

1 120 ns 
(37 ◦C)

6 ns (37 ◦C) no High MW, fast water exchange [86]

NG/Gd-AAZTA 62.4 (0.47 T, 
25 ◦C)

2 190 ns 
(37 ◦C)

4.4 ns 
(37 ◦C)

no High MW, fast water exchange, bis- 
hydrated

[86]

NG/Gd-DOTP 98 (0.47 T, 
25 ◦C)

0 ​ ​ yes High MW, 2nd sphere [85]

Fig. 5. Longitudinal proton relaxivities (mM− 1 s− 1) of commercial GBCAs 
measured in plasma at 37 ◦C as a function of increasing magnetic field strength. 
Relaxivity values up to 4.7 T are from Refs. [22,23], at 7 T from Ref. [118], and 
at 9.4 T from Ref. [119].
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largely unaffected by increasing magnetic field strength (r1 per Gd ~ 15 
mM− 1 s− 1, in the field range 0.5–7 T).

Another noteworthy example of sustained high relaxivity at elevated 
magnetic fields is the ProCA1 Gd-coordinating protein, discussed in 
paragraph 1.1.2 [58]. In ProCA1 (MW ~ 12 kDa), the bound Gd(III) ion 
experiences minimal internal tumbling, with a rotational correlation 
time around 10 ns. Although this value lies outside the optimal range for 
maximizing relaxivity at high fields (typically 0.5–1.5 ns), the r1 values 
measured at 3 T and 9.4 T–48 mM− 1 s− 1 and 6 mM− 1 s− 1, respectively — 
are still considered impressive and demonstrate strong performance 
under these conditions.

The search for intermediate-sized Gd-based probes can also be 
extended to small nanoparticles, just a few nanometers in size. A notable 
example is AGuIX®, an ultra-small nanoparticle with a polysiloxane core 
surrounded by 10 Gd-DOTA complexes on its periphery [124]. With a 
hydrodynamic diameter of about 3 nm and a molecular mass of 8.5 kDa, 
AGuIX is small enough for rapid renal excretion, avoiding accumulation 
in RES macrophages. AGuIX demonstrates a two-fold increase in r1 
relaxivity (6.0 mM− 1 s− 1) at 7 T per Gd(III) ion compared to Gd-DOTA 
(3.0 mM− 1 s− 1). Additionally, its superior contrast enhancement prop
erties were confirmed at 9.4 T, where it more effectively distinguished 
hepatic tumors from normal tissue compared to Gd-DOTA [125].

In another approach, high-field relaxivity was optimized by the self- 
assembly of two macrocyclic Gd(III) complexes, resulting in a small- 
sized dimeric system. Specifically, dimeric Gd(III) compounds were 
formed by using two pendant phosphate groups on a monoamide de
rivative of Gd-DOTA, which bind to the inner coordination sphere of a 
monomeric Gd-DO3A-type diaqua complex [126]. This assembly led to 
significantly enhanced relaxivities over a wide range of magnetic fields, 
due to improved inner- and second-sphere contributions. At clinically 
relevant magnetic fields (0.5–3 T), the relaxivity of the dimer reaches 
approximately 18 mM− 1 s− 1 (at 25 ◦C), which is substantially higher 
than the sum of the individual relaxivities of the two Gd complexes (6.2 
mM− 1 s− 1 for the Gd-DOTA derivative and 7 mM− 1 s− 1 for the Gd-DO3A 
derivative). This increase is attributed to the formation of a compact, 
rigid structure with an optimized rotational correlation time (~0.2 ns) 
and an additional contribution (about 30–40 %) from water molecules in 
the second coordination sphere. The face-to-face dimer conformation 
facilitates the formation of a hydrogen-bonded network of water mole
cules around the hydrophilic components of the two chelating units, 
further enhancing the relaxivity.

2.3. Pharmacokinetic considerations: low-molecular-weight vs. nanosized 
GBCAs

While substantial efforts have been made to optimize the relaxivity 
of GBCAs through molecular and supramolecular strategies, pharma
cokinetics remains a critical parameter influencing both clinical utility 
and safety. The pharmacokinetic profile determines biodistribution, 
circulation time, excretion pathways, and ultimately, imaging efficacy 
and toxicity.

Low-Molecular-Weight GBCAs, such as gadopentetate and gadoter
idol, are rapidly excreted via the kidneys and have short plasma half- 
lives (typically ~1.5 h in individuals with normal renal function) due 
to their small size (<1 kDa) and high hydrophilicity [127]. This fast 
clearance makes them ideal for dynamic and routine imaging but limits 
their capacity for blood pool imaging or targeted molecular applica
tions, where longer systemic retention is desirable.

In contrast, nanosized Gd-based systems, including nanoparticles, 
protein-based constructs (e.g., ProCA32, HFn), and dendrimers, have 
significantly larger hydrodynamic diameters (>3 nm), leading to pro
longed circulation times and enhanced passive or active accumulation at 
target sites [128]. Their slower clearance often involves hepatic or 
reticuloendothelial system (RES) pathways, rather than renal excretion, 
which raises concerns over prolonged tissue retention and potential 
toxicity [129].

An important advantage of nanosized systems is their ability to 
exploit the enhanced permeability and retention (EPR) effect, which 
facilitates accumulation in tumors or inflamed tissues due to abnormal 
vasculature and poor lymphatic drainage [130].

Finally, surface modifications, including PEGylation [131] or zwit
terionic coatings [132], are crucial in minimizing non-specific uptake by 
the RES and prolonging blood circulation. Surface charge and hydro
philicity also impact opsonization and immune recognition, affecting 
the pharmacokinetic profile and biodistribution of nanosized agents 
[133].

In conclusion, while nanosized agents offer superior relaxivity and 
targeting capabilities, their more complex pharmacokinetics demand 
careful design to ensure both efficacy and safety in clinical applications.

3. Conclusions

The huge work done over the last four decades has shown that 
optimized relaxivities can be obtained by proper control of the various 
determinants. In the case of macrocyclic GBCAs based on the DOTA-like 
architecture, a crucial step to attain optimally short exchange lifetimes 
for the coordinated water deals with the control of the TSAP/SAP ge
ometry. Basically, it has been found that a preferential TSAP confor
mation can be achieved by substituting protons on the α-carbon of the 
coordinating arms. The task of slowing down the molecular reorienta
tional motion can be tackled either by increasing the size of the GBCA or 
by introducing suitable substituents on the ligand surface able to pro
mote the formation of supramolecular adducts with endogenous or 
exogenous macromolecular substrates. Actually, the two newly intro
duced second generation GBCAs, Gadopiclenol and Gadoquatrane, 
display a relaxivity that is 2–3 times the one of the first generation 
GBCAs and some of the herein reviewed systems investigated at the pre- 
clinical level have relaxivities very close to the maximum theoretical 
values (Fig. 6). Thus, it is evident that much room is still available, in 
principle, to go for new structures with optimized relaxivity.

Moreover, it is noteworthy to recall that relaxivity is dependent on 
the magnetic field strength at which it is measured, with the optimal 
correlation times for maximizing it at 0.5 T differing from those that 
yield the highest relaxivity at 1.5–3 T. On the other hand, although very 
high relaxivity is theoretically possible at low fields, it requires a narrow 
range of correlation times (τR and τM), making it difficult to achieve, 
whereas higher fields allow still good relaxivity across a broader range 
of exchange rates and dynamics [27].

From a pharmacokinetic standpoint, a critical distinction must be 
made between Low-Molecular-Weight (LMW) GBCAs and emerging 
nanosized systems. While LMW agents are rapidly cleared by the kidneys 
and exhibit short circulation times, features that make them well-suited 
for routine diagnostic imaging, their limited blood residence time can 
reduce effectiveness in molecular targeting applications. In contrast, 
nanosized contrast agents, including protein-based platforms and 
nanoparticles, benefit from prolonged circulation and enhanced tissue 
accumulation, particularly via the enhanced permeability and retention 
(EPR) effect. However, these systems often rely on hepatic or RES 
clearance pathways and may pose greater challenges in terms of long- 
term safety and gadolinium retention. Therefore, alongside relaxivity 
optimization, careful consideration of pharmacokinetic behavior, coor
dination chemistry, stability, biodistribution, and excretion profiles is 
essential when designing next-generation contrast agents to ensure both 
imaging efficacy and clinical safety.

In principle, despite the absence of clinically relevant consequences 
of the tiny amounts of GBCAs retained in the body, it appears reasonable 
to reduce the administered dose with the newly developed GBCAs, and it 
is thus a significant step ahead in the context of clinical settings. Of 
course, one of the main obstacles to the entrance of new efficient GBCAs 
in the clinical practice is represented by the huge costs any new agent 
has to tackle for its industrial/clinical translation.

However, it is important that basic research continues to identify 
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new routes to further improve the relaxivity for GBCAs, as well as for Fe 
(III) and Mn(II) systems which are currently under scrutiny. The ex
amples provided by compartmentalized systems suggest that much 
higher relaxivities could be attained. The in-depth understanding of the 
structural and dynamic determinants of the outstanding relaxation 
enhancement reported for these systems will be crucial for the rational 
design of next generation of MRI CAs. The domain of Molecular Imaging 
will also largely benefit from these efforts.
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core trinuclear GdIII complex: towards the optimization of relaxivity for MRI 
contrast agent applications at high magnetic field, Dalton Trans. (2008) 
1195–1202, https://doi.org/10.1039/B717390C.
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