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Abstract: Nowadays, most of the clinically used contrast agents are based on the use of
gadolinium molecular complexes like Dotarem®, Magnevist®.... Nevertheless, developing
new gadolinium based contrast agents with enhanced relaxivity properties while avoiding
gadolinium release in human tissue is still of paramount importance. We describe here two
promising families of contrast agents which meets these criteria and compared their
properties to the ones of clinically used Gd complexes. The first one is based on contrast
agents obtained by covalent or non-covalent interactions of gadolinium molecular
complexes with polymers, nanoparticles or liposomes. The second family is based on the
formation of gadolinium particles (Gd.0s, GdPOa4, NaGdFs, GdFs...) of controlled morphology
and composition. The performance of these two families is described as well as their
development perspective.
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Introduction

Magnetic resonance imaging (MRI) is a powerful medical diagnostic tool (Mansfield and
Maudsley, 1976) whose efficiency is greatly improved by the use of exogeneous contrast
agents (CAs) (Patten et al. 1993, Caravan, 2006). The two most common classes of contrast
agents are: (a) T1 or positive contrast agents that shorten proton longitudinal or spin lattice
relaxation time and (b) T2 or negative contrast agents that shorten proton transversal or
spin-spin relaxation time (Young et al.,, 1981). Whereas superparamagnetic iron oxide
nanoparticles are most widely studied as T2 agents, CAs based on the lanthanide ions Gd3*
are most often employed as T1 agents. Indeed, gadolinium, a lanthanide metal ion with
seven unpaired electrons, has demonstrated its efficiency in enhancing proton relaxation
because of its high magnetic moment and paramagnetic properties and its ability to
coordinate water efficiently. However, the toxicity of Gd ions related to their substitution or
antagonist activity of calcium in a variety of cellular reactions (Das et al., 1988) or in the
occurrence of nephrogenic systemic fibrosis (Sieber et al.,, 2008) prevents its direct
administration. Therefore to limit the cytotoxicity of Gd ions in commercially available CAs,
Gd ions are chelated by specific interacting structures like linear multifunctional or
macrocycles structure (Figure 1).
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Figure 1. Gd-DOTA, Gd-DTPA, Gd-HP-DO3A and Gd-DTPA-BMA chemical structures. Adapted
from (Hermann et al., 2008).



The first families of Gd-based CAs were using linear complexing molecules. In 1987, Gd-
diethylenetriamine pentaacetic acid (Gd-DTPA, MAGNEVISTL) (Harpur et al., 1993;
Weinmann et al., 1984) was proposed for clinical uses. Then three other linear Gd-based CAs
were further approved until 2004: Gd-DTPA, gadodiamide - OMNISCANL]) (Radbruch, A. et
al., 1987, Schmiedl, U., 1987), gadopentetate dimeglumine (OPTIMARK[L) and gadobenate
dimeglumine (MultiHancell),(Johansson et al., 2012). In addition, macrocyclic Gd-based CAs
(gadoteridol, Gd-tetraazacyclododecanetetraacetic acid and gadobutrol) were also
developed to limit the release of free Gd ions and were authorized by several regulatory
health agencies since 1994 as commercial products (PROHANCE", DOTAREM", GADAVISTY).
Interestingly, these macrocyclic Gd-based CA enables to observe a lower level of remaining
Gd in vivo in comparison to their linear counterpart (Gibby W.A. et al., 2004). Nevertheless,
molecular complexes possess limitations, such as residual toxicity (Kanda et al., 2014, Kanda
et al., 2015, Radbruch et al., 2015) and reduced efficiency at the higher magnetic fields of
modern MRI instruments. This compels the main regulatory health agency in 2017 to control
more carefully the use of this kind of contrast agents and European medicine agency
suspended the authorization of the intravenous linear Gd-based CAs.

Current challenge is to develop new Gd-based CAs that avoid the release of the free Gd ions
to prevent further complications. At the same time there is still a need of Gd-based CAs with
enhanced relaxation properties to decrease the amount of injected compound. To reach
such a goal colloidal CAs are of special interest. Indeed the use of Gd-based colloidal
structures in the 10 to 100 nm size range enable first to increase the relaxivity of obtained
CAs. This effect is related to a much slower tumbling effect compared to molecular
gadolinium complexes induced by a huge increase in the molecular weight of the gadolinium
species (and of hydrodynamic radius). Slowing tumbling induces higher relaxivity. Gd ions
located within the colloidal species will rotate at the same (and very low) rate than the
whole NPs, increasing the observed relaxivity. Therefore lower injected levels are permitted.
Moreover, colloidal structures present some additional features concerning their stability
that make them candidate of choice for new families of CAS. In this review, we will present
two different families of enhanced colloidal Gd-based CAs (Figure 2): 1) gadolinium
complexes grafted or in interaction onto colloidal structures, 2) inorganic nanoparticles of
controlled shape and properly functionalized.
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Figure 2. Main families of Gd-based contrast agent.

1. Contrast agents based on covalent or non-covalent grafting of gadolinium
complexes on polymer or colloidal structures.

1.1. Grafting of gadolinium complexes. The structure of clinically used low molecular
weight Gd-based CAs is presented in Figure 1. As can be seen Gd ions are interacting
specifically with chelating agents in the form of macrocycles or linear ligands. Whereas
those chelating agents enable to minimize ion exchange with competing ions, they also tend
to decrease the amount of water molecules in direct interaction with Gd. Hence, at a same
magnetic field value of 0.5T, relaxivity of free gadolinium is about 7 mM=.s against 3.8 mM-
1sTwhen the ion is chelated by DTPA through specific interaction, at 37°C (Villaraza et al,,
2010). This results in a relative poor efficiency of this CAs. Moreover, 90% of the product is
out of the body in less than an hour through renal filtration and vessel leakage, which let
short time to these species to act as CAs and necessitate the injection of high amount of CAs.
The aim thus is to optimize the pharmacokinetic of Gd-based CA and to increase the
relaxivity value of these CAs. To this purpose, chelating agents are grafted to polymer chains,
colloids or lipids. Immobilization of Gd-complexes enable to reduce the tumbling rate by
slowing down rotational motions and thus provides higher relaxation times. (Du et al., 2018).
The attachment of several complexes on macromolecules, colloids or lipids thereby
increases relaxivity value and thus permits to decrease the administration dose. Table 1
presents some typical examples of CAs developed by using such a strategy.



Table 1. Typical examples of gadolinium complexes grafted on colloidal strutures.
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We will describe here some typical examples of the main families of colloidal systems. For a
more complete description, Villaraza et al. (2010) reviewed the manifold types of colloidal
systems (e.g. dendrimers, micelles, proteins, liposomes) tailored with Gd complexes.

Du et al. described the grafting of DTPA complexes onto carbon nanodots (Ding et al., 2014;
Du et al., 2018). For this, after the protection of 4 of its 5 carboxylic acid functions, protected
DTPA was reacted with the amine functions located on the surface of carbon nanodots
(Figure 3). After a deprotection step, the modified particles complexed gadolinium ions to
form a colloidal contrast agent. These supported CAs had several advantages compared to
Gd-DTPA complexes: increased relaxivities (r1 value of 8 mM™-s'* compared to 4 mM*-s* for
the Gd-DTPA at a 3T magnetic field) and an ability to interact more easily with cancer cells
thanks to enhanced permeability and retention effect. In addition the fluorescence of the
carbon nanodots provided another way to image the glioma, making the CAs dual-imaging
species.
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Figure 3. Preparation of modified carbon nanodots with clinical Gd-DTPA in a two-step
process: 1) coupling of amino group on the surface of carbon nanodots with protected DTPA
(cDTPAa) thanks to 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling agent
and deprotection 2) complexation with gadolinium ions. Adapted from references (Du et al.,
2018).




Another strategy to obtain Gd complexes grafted onto colloidal structures was described by
Tran et al. (2018) by using a DOTA properly modified with a terminal triethoxy group as
illustrated in Table 1. Siloxane nanoparticles covered by DOTA were then obtained by using
sol gel chemistry. At a 1.5 T magnetic field, these particles had higher longitudinal relaxivity
value than for free Gd-DOTA complexes, i.e r1=18 mM=2.s? and 4.2 mMLs? respectively.
Further association with ®4Cu enabled to use these particles as multimodal agents for MRI
and PET imaging techniques. The biodistribution revealed that they were rapidly eliminated
in the kidney.

Relaxation properties of gadolinium complexes can also be improved by grafting them onto
macromolecules. Hence, Younis et al. (2016) grafted Gd-DTPA complex on
poly(methyl)methacrylate-co-propargylmethacrylate to obtain Gd-DTPA-PMMA
nanoparticles (see structure in Table 1). Different amounts of Gd-DTPA were incorporated
with the PMMA polymer chains. This enable to test the influence of the Gd concentration on
the contrast obtained at a 7T magnetic field. Interestingly, magnetic resonance images
showed that the contrast was not significantly improved by increasing the amount of
gadolinium and that low amount of gadolinium ions were sufficient to obtain good contrast
properties. In addition these modified polymers showed a good stability through low
gadolinium leakage in PBS buffer at 37°C during 90 days. Li et al. (2012) studied the influence
of macromolecular architecture on relaxivity with linear, hyperbranched and star copolymer
grafted with DO3A contrast agent (See Figure 4A).
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Figure 4. A. Chemical structure of linear, hyperbranched and star polymers P(OEGA-co-PFPA)
with grafted DO3A contrast agents. B. Longitudinal relaxivity value for the single chelating
agent and for the three architectures of the dendrimer. Adapted from reference (Li et al.,
2012).

As shown in Figure 4B, a significant increase of relaxivity was measured for grafted Gd-DO3A
complex compared to the relaxivity of free complex whatever the architecture of polymer is.
Moreover the authors evidenced the role of each architecture on molecular tumbling and
water exchange rate. They highlighted that, in the case of the star shape copolymer, the
polymer shell reduced the diffusion of water molecules near the core-located Gd complexes
which induced a decrease of relaxation rate compared to linear or hyperbranched
architectures. Hence, despite the globular aspect of the hyperbranched structure, the
mobility of gadolinium ion inside the macromolecular architecture was the same than for the
linear one, proving the very low influence of the hydrodynamic radii of the molecule. In
addition to the architecture, average molecular weight of the chosen polymer can also play a
role on relaxation properties. To study this, Margeruma et al. (1997) studied
polyamido(amine) (PAMAM) dendrimers of different generation of a structure comprising
Gd-DO3A CAs. An increase of relaxivity was observed when the molecular weight of the
polymer increased due to slower molecular tumbling: from 14.8, to 16.9 and 18.8 mM[s!
for PAMAM polymer of 37; 4t and 5™ generation respectively. However Bryant et al. (1999)



evidenced a saturation limit for PAMAM of 7th generation and explained this phenomenon
with the stagnation of the water exchange rate.

In order to enhance relaxivity properties, apart from nanoparticles and polymer structures,
Gd-complexes can also be covalently linked to lipid. These modified lipids can be inserted in
liposome structures made of phospholipids that presents low toxicity. Kabalka et al. (1987)
have introduced modified Gd-DTPA (see structure in Table 1) in liposome structures with an
overall size of 440 nm. As expected, a higher relaxivity is observed for liposomic structures
compared to GD-DTPA. Interestingly, the ability to insert increasing amount of Gd complex in
the liposome structure enabled to measure an increase of relaxivity of the vesicular specie
up to a content of 33,3%. The biodistribution of these contrast agents indicated that the
liposomes are rapidly removed from blood and degraded in the liver by Kupffer cells.
Another interesting application of those structures is to combine different functionalities like
luminescence, magnetic or targeting in one particle. Skupin-Mrugalska et al. (2018)
combined a model photosensitizer for photodynamic therapy, zinc phtalocyanine, and a MR
Gd-based contrast agent based on Gd-DTPA modified with a lipophilic chain. Studies proved
that Gd did not hamper the photosensitizing ability of the zinc specie. Moreover,
comparisons between liposomes comprising or not zinc phtalocyanine showed that the
presence of the photosensitizer enhance relaxivity properties of these Gd-based CAs. At low
magnetic field (16,5 MHz) high r; values up to 50 mM1[¥*! were found, whereas at high
magnetic field (400 MHz), r, values up to 90 mM1[s! were measured. Lastly, liposomes can
be considered as nanocarriers, which can participate to active targeting strategies by a
lipophilic chain bearing a specific probe. Furthermore, the following of this targeting with
MRI device would inform on the pathway of the agent towards the target. To this end, Yoo
et al. (2016) designed fibrin-binding, peptide amphiphile micelles by incorporating at
different concentration a targeting peptide cysteine-arginine-glutamic acid-lysine-alanine
(CREKA) with amphiphilic molecules containing Gd-DTPA complex. Besides, the targeting
particles were compared to non targeting ones. Whereas in vitro studies confirmed that a
uniform amphiphile backbone and micelle shape homogeneity had a large contribution to
the clot-targeting capability, in vivo studies showed fibrin specificity was conferred by the
peptide ligand without much difference between the nanoparticle formulations.

1.2. From gadolinium specific complexes to hybrid polyion complexes

Hence, immobilization of Gd-chelates onto macromolecules or nano-objects is one efficient
way to provide more efficient relaxation by slowing down rotational motion, although the
synthetic pathways to such modified polymers can be complicated. An alternative to these
strategies is to induce the formation of aggregates (also called coacervates or hybrid polyion
complexes, HPICs) between metal ions and block copolymers bearing more simple but non-
specific functional groups (Figure 5). This was done for example by Wang et al. (2013) where
a negatively charged Gd complex interacted with a diblock cationic copolymer. Another
alternative is the use of uncomplexed gadolinium ions which will interact with polymers



functionalized by multidentate groups (Figure 5). (Wang et al., 2012; Wang et al., 2015; Cao
et al., 2015)
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Figure 5. Related strategies leading to the formation of CAs from the interaction of A)
charged block copolymers with lanthanides complexes (Wang et al., 2013) or B) block
copolymers comprising multidentate complexing groups with lanthanide ions.(Wang et al.,
2012). Adapted from references (Wang et al., 2013) and (Wang et al., 2012).

Nevertheless, both examples involve gadolinium-chelating groups with complex structures.
New, less complex strategies could allow the easy development of a new generation of CAs.
Thus, HPICs obtained from the addition of simple charged polyvalent metal ions (e.g. Cu?*,
Zn?*) to a solution of double hydrophilic block copolymers with generic functions that are
not specifically designed for metal ions could be of great interest. Recently it was
demonstrated that gadolinium-containing HPICs prepared (see Figure 6) from a
commercially available diblock copolymer made of poly(acrylic acid), PAA, and poly(ethylene
oxide), PEO, blocks exhibited exceptionally high stability upon dilution.
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Figure 6. A. The addition of gadolinium ions to a double hydrophilic block copolymer forms
polymeric nanoparticles called hybrid polyion complexes HPICs(in yellow-orange: ionizable
block; in dark blue: neutral block). B. Brain angiography images versus time obtained with
contrast agent based on HPICs compared to Gd-DOTA clinically available contrast agent.
Adapted from reference (Frangville et al., 2016).

Indeed, at a magnetic field of 7T, the hybrid polyion complex, with a mean diameter ca 20
nm, exhibited a longitudinal relaxivity of 15.4 mM1[s?, against 4.1 mM1[g?! in the same
conditions for Gd-DOTA and 8.8 mM1[S! for hybrid gadolinium oxide nanoparticles.
Moreover, the in vivo study showed a pretty long blood remanence, followed by a fast
urinary elimination. These systems were combining a low gadolinium quantity with a high
relaxation signal, meeting with the initial requirements based on a limited release of free
gadolinium within the tissues and enhanced relaxation properties (Frangville et al., 2016;
Mingotaud et al., 2017).

2. Inorganic Nanoparticles.

In order to minimize the in vivo release of gadolinium ion, many studies have proposed the
use of gadolinium-based nanoparticles. In addition there are numerous advantages to
nanoparticle-based agents including easy surface modification for incorporating specific
vectors and the opportunity to combine properties to give multimodal agents. (Cheng Y. et
al., 2014; Cheng Z. et al., 2014). Hence, recent reports have described NPs of gadolinium
oxides (Bridot et al., 2007 ; Park et al., 2009 ; Das et al., 2010 ; Faucher et al., 2012), fluorides
(Evanics et al., 2006 ; Xu et al., 2014) or phosphates (Lessing and Erickson, 2003; Fang et al.,
2003; Hifumi et al., 2006; Hifumi et al., 2009; Ren et al., 2012; Dumont et al., 2012;
Rodriguez-Liviano et al., 2013). However, the use of these nanoparticles as contrast agents is
still dependent on the production of nanoparticles of well controlled size and morphology,



the relaxation properties being highly dependent on these parameters as has been
suggested for Gd,O03 NPs although with different surface coatings (Park et al., 2009).
Moreover, the particles require suitable coatings, such as organic ligands or polymers to
improve their biocompatibility, reduce their toxicity and raise the interaction with water
molecules. .

2.1. Control of nanoparticle size and effect on relaxivity properties.

As just mentioned, the control of NPs size is required to have access to NPs with
reproducible relaxivity property. Therefore a tremendous amount of work was dedicated to
the development of synthetic method to get access to stable nanoparticle with controlled
size and morphology. Gadolinium oxides (Gd,0s3), fluorides (GdFs, NaGdF4) or phosphates
(GdPO4) have been described in literature, are obtained by precipitation reaction in presence
of well-chosen stabilizing/agent. These hybrid materials offer relaxivities per mole of Gd
comparable or superior to the common molecular agents. Among them, gadolinium
phosphate nanoparticles (GdPO4NPs) are of special interest because of the combination of
low solubility, ease of surface modification, and the variety of synthetic routes available to
form particles. (Liu and Byrne, 1997) Hydrothermal synthesis (Hifumi et al., 2006; Hifumi et
al., 2009; Ren et al., 2012; Laudise and Ballman, 1958; Hikichi et al., 1978) and more recently
microemulsion synthesis (Dumont et al., 2012) or a templated mineralization process (Du et
al., 2015) were used to form well-defined GdPO4 NPs as nanorods or nanowires of tens to
hundreds nanometers length. Interestingly, nanoparticles of GdPOa4, or even particles with
GdPOs modified-surfaces, have been shown to be compatible with biological media. For
example, Li et al. (2014) demonstrated that pretreatment of rare earth oxide nanoparticles
with phosphate, protects against in vivo biological interference of gadolinium ions with Ca%*
involved in cell metabolism as well as pro-fibrogenic effects favored by the presence of Gd3*
ions. This result was further supported by cell toxicity and in vivo experimental assays
performed with dextran-coated GdPO4NPs that showed no impact on cell viability, observed
over long residence times in plasma. (Hifumi et al., 2006; Hifumi et al., 2009)Synthesis
pathways to obtain nanometrically controlled particle sizes have thus been developed
through the use of different polymer families of different architectures: block polymers,
branched polymers. These polymers act as both a growth limiter during the growth process
of nanoparticle and a stabilizer to provide increased colloidal stability in biological
environments: As a first step, Gd3* was sequestered within the polymer and then GdPO4 NPs
were obtained after a precipitation step induced by the addition of phosphate ions. In these
conditions final NPs structure will depend strongly on the polymer architecture and on the
concentration of reactant in solution. Playing with the mixing speed also allows to obtain
particles of a better controlled size. In that context ionic nanoprecipitation is of special
interest (Figure 7): it involves the rapid mixing of a water stream containing Gd>* ions with
one containing stabilizing agent and phosphonate ions in a confined impinging jet mixer or
multi-inlet vortex mixer. Rapid mixing assures homogeneous supersaturation prior to



nucleation, growth and aggregation events, and the diffusion-limited assembly driven by
ionic interactions results in particles with narrow size distributions. The particle growth is
arrested by the adsorption of the polymer onto the NP surface resulting in the formation of
a dense, stabilizing corona. (Pinkerton et al., 2017) GdPO4 and GdxEu1-xPO4 NPs in the 20 to
100 nm range were thus obtained with relaxivity values r1 and r; in the 15-40 mM-[s! range
at14T.
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Figure 7. Left : Principle of the iFNP process, with the hydrophilic block copolymer in green
and blue. Right : TEM images of GdPO4 NPs obtained through nanoprecipitation process.
Adapted from reference (Pinkerton et al., 2017).

Moreover to determine the relationship between particle size and relaxivity values, it is also
necessary to be able to obtain particles of variable size but functionalized in an equivalent
way. Lu et al. (2017) reported a simple and feasible approach to regulate NaGdF4 NPs growth
by changing the density of trisodium citrate chelator to obtain different sizes of NPs in the
range of 100-220 nm. These nanoparticles of controlled size were then covered with a silica
shell of similar thickness using a reverse microemulsion method. Ri and r> relaxivity
measurements of these NaGdF4@SiO2 NPs were investigated in water at 0.5 T and 7 T. At
0.5 or at 7 T, r1 relaxivities decreased with the increase of particle size whereas r; values
increased dramatically. Hence at 0.5 T particles with a diameter of 120 nm showed r; = 1.4
mM1E?! and r; = 4.36 mMS?  whereas particles with a diameter of 250 nm showed r; =
0.39 mMst and r; = 8.55 mM[s. Interestingly the observed effect on r2 was far more
pronounced at higher field (7T). In addition, these NaGdF;@SiO2 NPs showed good
compatibility and low cytotoxicity. This example demonstrated the primary interest in
controlling particle size. Other examples proposed chemical recipes to obtain size controlled
NPs with equivalent organic coating down to a few nm. Size-controlled GdPO4 nanowires in a
range of 120+39 nm down to 6+2 nm were synthesized in presence of hyperbranched
polymers based on the polyamidoamine HyPAM in aqueous solutions and at room
temperature.(Frangville, Gallois et al, 2016) As shown on Figure 8, relaxivity measurements
of these hybrid materials showed a maximum for the 23 nm particle sample and revealed an
optimal length at ca. 2311 nm for which promising r1 and r; values were obtained (r1= 559



mM-SY; r= 67411 mM1s!). Hence a size dependence on measured r; and r; is observed
with lower values of relaxivity for both larger and smaller particles.
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Figure 8. GdPO4/HYPAM size dependence on r1 and r» relaxivities (1.4 T). Particle lengths
were determined before dialysis. Lines are guides to the eye. Adapted from (Frangyville,
Gallois et al, 2016).

Similar observations of an optimal particle size were observed for other particle systems,
(Park et al., 2013; Wang et al., 2013) including NaGdFs; and Gd,0s, and was attributed to
contributing factors influencing relaxivity that have opposite particle size corelations. One
influencing factor is the availability of Gd3* ions at the surface, as direct chemical exchange
of water molecules is the largest contributor to proton relaxation. The surface to volume
ratio (S/V) increases as particle size gets smaller, accounting for the most often observed
increase in relaxivity as particles become smaller. On the other hand, correlation times and
therefore tumbling times are another factor. (Villaraza et al., 2010; Caravan, 2006; Johnson
et al.,, 2011; Wiener et al., 1994) Tumbling times depend on the medium viscosity and
hydrodynamic volume of the particles. If we assume the viscosity does not change for the
different particle suspensions, then for a reasonable range of particle sizes, relaxivity should
increase with hydrodynamic volume. For this serie with the same chemical coating, the
apparent hydrodynamic diameter follows the same linear trend as the increase of NP length
from ~10 to ~100 nm, allowing us to consider the NP length as the key parameter. These
opposing contributions of surface area and hydrodynamic volume are then expected to give
rise to an optimum particle size for any set of conditions. It is important to realize that
correlation times will be affected by other parameters, such as medium viscosity and applied
magnetic field strength, so any ‘optimum’ particle size will depend on the application.
Furthermore, since the tumbling time depends on the hydrodynamic volume of the
composite polymer-particle object, the polymer mediated preparation affords the potential



for tuning the response through synthetic variation of both the inorganic particle size and
the thickness of the polymer coating.

2.2. Critical role of coating on relaxivity properties.

As we have just seen, the control of the nature and size of the inorganic part is of crucial
importance to have access to nanoparticles with optimal relaxation properties for a given
application. A second element playing on relaxivity values is the nature of the organic part
covering the particles. The organic part surrounding the inorganic core performs several
functions above its ability to control NPs growth during NPs synthesis.

Its primal role is to ensure that the particles have good colloidal stability in order to avoid
any aggregation or precipitation phenomenon in vivo. For this purpose the use of organic
shell comprising poly(ethylene glycol) (PEG) is of special interest as it minimizes adsorption
of biomolecules onto the NPs and avoids fast clearance from blood system. Hence many
works described the use of this polymer to cover inorganic NPs. For instance Lakew Mekuira
et al. (2017) synthesized gadolinium oxide NPs covered with a dendrimer whose external
functions were modified by PEG. The presence of PEG chains enhanced the biocompatibility,
the circulation time in blood and the colloidal stability of the contrast agent. The leakage of
Gadolinium ion was checked through absorbance measurements and also by titrating in PBS
buffer for 120 hours and only a non-significant amount of Gd ions was released from this
hybrid material. In addition, relaxivity values measured at a 7T magnetic field were very high
for both r1 and r2 (r1=53.9 mM-tstand r,=182.8 mM1[s!) and compared very favorably to
the one measured for Gd;0s nanoparticles covered by different functionnalized agent like
PVP or single PEG chain (for these two systems relaxivities values equal to r1=12.1 mM1[s!
and r;=33.2 mM1[¥* and r1=4.4 and r,=28.9 mM[s'! were found respectively).

In addition to stability property, this organic part enables to control the accessibility of water
molecules in the vicinity of gadolinium and to confer colloidal stability to the hybrid material
systems. Zheng et al. described the synthesis by a coprecipitation method of GdF4 NPs with
uniform morphology and narrow size distribution (8.6+1.1 nm). Then by using a two-step
ligand exchange strategy, these nanoparticles were covered by different polymeric ligands:
poly(ethylene glycol (PEG), polyéthyleeimine (PEIl) and polyacrylic acid (PAA) (Zheng et al.,
2017). As illustrated in Figure 9, longitudinal (r1) and transverse (r;) relaxivities were found
higher when NPs were covered by PAA group. Moreover when the average molecular weight
of PAA used is changed (1200, 2000, 5000 or 8000 glhol?) optimal relaxivity values were
found for PAAzo00. This result evidenced that strong surface ligand-water interaction can
efficiently promote relaxivity. It is thus possible to develop ultrasmall Gd-dots with higher
relaxation performance than CAs with bigger size. The called Gd-Dots were about 2.1 nm by
size and then were more exposed to water, which explains the highest relaxivity value
compared to other bigger nanoparticles. The promoting effect can be ascribed to the
formation of second hydration shell, where the increased number of exchangeable water



molecules and their prolonged residence time result in an enhanced second-sphere
contribution.
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Figure 9. A. Longitudinal (r1) and transverse (r2) relaxivitiesof the samples measured at 0.5 T.
Relaxivities of different samples measured at 0.5 T, including Gd-DTPA, PAA;o00-capped
NaGdF4NPs (8.6 and 3.2 nm), and Gd-dots (2.1 nm). DLS analysis of the samples. Adapted
from (Zheng et al., 2017).

Consequently, the choice of the structure of the organic part covering inorganic particles is
of prior importance to obtain stable CAs with long residence time in vivo and high relaxivity
values.

2.3. Toward multimodal agents.

By playing on both the nature of the inorganic and organic parts it is thus possible to obtain
contrast agent NPs with multi-modal imaging or targeting properties. Nanoclusters
containing both gold NPs and gadolinium ions were thus used as contrast agent for different
imaging techniques Computed Tomography (CT), Near-Infrared Fluorescence (NIRF) and
Magnetic Resonance (MR) imaging (Hou et al., 2017). These nanoclusters were stable
through time with a hydrodynamic diameter of about 200 nm and the measured longitudinal
relaxivity value r; was about 25 mM[s?, which is about 5 times the one of the Gd-DTPA.
Other examples described the introduction of luminescence properties on GdPO4 NPs either
by inserting Europium ions during the precipitation of gadolinium in presence of phosphate
(Figure 10A) or by covering GdP0O4 NPs with luminescent molecules like indocyanine green or
polymers bearing a fluorescent moiety (Figure 10B).(Pinkerton et al., 2018) Interestingly in
the former case changing Gd/Eu ratio enabled also to enhance relaxivity properties of
obtained NPs: higher relaxivity values were obtained with lower gadolinium content (Figure
10A).
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Figure 10. A. Relaxitiy values r1 and r; of GAEuPO4 NPs as a function of the Gd/Eu ratio. B.
Structure of fluorescent polymer used as a functionalizing agent and picture of the resulting
excited solution. Adapted from (Pinkerton et al., 2018).

Another combination of magnetic sensitivity and luminescence property was described by
Maldiney et al. (2015) who worked on nanocrystals based on trivalent chromium-doped zinc
gallate. Indeed, in the aim to get multimodal agents, Gd was added to these nanomaterials
to both follow the luminescence of the agent and evaluate its relaxation properties. The
nanoparticles were doped with Gd and showed higher relaxivity values with increasing Gd
content (up to 4 mol%). With the idea to increase the residence time of the nanoparticles in
the body, these ones were functionalized with poly(ethylene glycol) (PEG) chains through
hydroxylation, condensation with amino-silanes and grafting of PEGskpa-NHS. This
functionalization resulted in a higher contrast compared to a reference mouse. Additionally,
it was evidenced that the uptake from the Kupffer cells in the liver was delayed, according to
MR images, confirming the longer residence time.

Last but not least, active targeting remains one of the main applications of the synthesis of
Gd-based nanoparticles. The contrast agents become then theranostic agents, used to give
information about a precise area in the body, which is targeted. Ahmad et al. (2018) grafted
on Gd;0s3 nanoparticles with an average diameter about 2 nm, 5 commercial targeting
probes composed of Arg-Gly-Asp peptides varying by the kind of amino acids present on the
peptide chain, further named cyclic-RGDs. Grafting yield was between 40 and 50% and
hydrodynamic diameter of the obtained nanohybrids was about 6 nm. Measured
longitudinal relaxivities at 0.47 T and 25°C varied between 10 and 18 mM[g! which
compared favorably to the ones of Gd-DTPA (r1 = 3.8 mM[s!) and Gd-DOTA (r1 = 4.2 mM1[g
1). This is explained with a stronger hydrophily of the cyclic-RGDs, raising the interaction with
water molecules, and from a high quantity of Gd ions the surface of nanoparticle. /In vitro
internalization of one of the cyclic-RGD was made in U87MG tumor cells, showing the
aggregation of nanoparticles on the cell surface after 24h of incubation. Finally in vivo
experiments highlighted a higher contrast in tumoral areas compared to normal and necrosis
parts, proving the efficient targeting of these nanoparticles towards tumor cells.



Conclusion. Developing new gadolinium based contrast agents is of tremendous importance
with the aim to drastically limit the quantity of Gd ions remaining within the tissues and two
challenges have to be tackled: decreasing the amount of Gd ions released and/or increasing
the relaxivity properties of the Gd based CAs to limit the amount of injected compoundin
this context, colloidal CAs are of special interest. Indeed the use of Gd-based colloidal
structures in the 10 to 100 nm size range enables first to increase the relaxivity values of
obtained CAs thanks to slower tumbling effect. The grafting or interaction of gadolinium
complexes with other chemical structures such as nanodots, polymer with different
architectures, liposomes or hybrid polyion complexes, helps to the formation of colloidal
structures with improved relaxation properties. Furthermore, using inorganic nanoparticles
(Gd203, GdPO4, NaGdF4, GdF3) instead of Gd complexes strengthens the stability of Gd within
formed nanoparticle and thus limit the release of Gd ions in vivo and thus empowers the
performance of Gd-based CAs at high magnetic fields. In addition, it is noteworthy to keep in
mind that the properties of the inorganic particles are still dependent on the production of
nanoparticles with well controlled size, morphology and appropriate coating. Lastly, playing
with the composition of colloidal structures enables the insertion of additional features
(targeting, fluorescence,...) that made them candidate of choice for new families of CAS with
multimodal properties.
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