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A B S T R A C T   

A straightforward method for synthesizing at the multigram scale a low molecular weight PCTA-based gado
linium complex bearing an ionizable oxyacetic chain on the pyridine unit was described, together with its 
encapsulation within a nanohydrogel matrix. The ionic gelation occurred between chitosan and hyaluronic acid, 
reinforced by crosslinking with sodium tripolyphosphate. The resulting nanogels are spherical and narrowly 
monodisperse. They are stable for at least four months at room temperature in water and in media of higher ionic 
strength (NaCl 0.9%, PBS). They display an enhanced longitudinal relaxivity r1 of 15.9 and 12.1 mM− 1.s− 1 at 20 
MHz and 60 MHz at 37 ◦C respectively which is at least 4 times higher than that of DOTAREM®.   

Introduction 

Over the years, magnetic resonance imaging (MRI) has become one 
of the key diagnostic tools in radiology due to its noninvasive nature and 
theoretically infinite penetration depth. Furthermore, this technique 
provides images with excellent anatomical resolution, in a real-time 
monitoring manner. To compensate the low sensitivity of the tech
nique and to reinforce the image contrast, millimolar concentrations of 
paramagnetic contrast agents are often injected as contrastophores. To 
date, the commercially available paramagnetic systems are gadolinium- 
based contrast agents (GBCAs) [1] and are used in about 40% of all 
magnetic resonance imaging exams [2]. Usually administered at doses of 
0.1 mmol per kg, GBCAs have the ability to shorten T1 relaxation times 
of water protons in the tissues where they distribute and thus to high
light pathological areas. In vitro, the efficacy of GBCAs is measured in 
terms of relaxivity r1 which is defined as the relaxation rate enhance
ment of the water proton per millimolar Gd(III) ion. 

As free gadolinium Gd(III)) is toxic, in GBCAs it is usually chelated 
with high denticity ligands that encircles it while leaving free a coor
dination position for a water molecule [3]. During the last decades, 
many efforts have been made to develop such ligands able to ensure to 
GBCAs a good thermodynamic stability as well as a chemical inertia 
towards Gd dissociation [1], and two categories of ligands have been 
developed. They are polyaminocarboxylate ligands for which the skel
eton is either linear or macrocyclic. For GBCAs that relied upon linear 
structures, the stability factors are lower than those for GBCAs based 
upon macrocyclic structures [4], and recently, the question of linear 
GBCAs safety has prompted the European Medicines Agency (EMA) to 
suspend the use of all linear GBCAs [5]. Therefore, the need for safer and 
more sensitive contrast agents remains essential to have effective and 
non-toxic GBCAs to detect pathological abnormalities under good con
ditions. Alternatives to current contrast agents are thus needed not only 
from the point of view of the nature of the ligand ensuring good ther
modynamic stability and chemical inertia, but also from the point of 
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view of its effectiveness in accelerating the relaxation of protons from 
water molecules (i.e improving the relaxivity r1). 

In this paper, both aspects were considered. To this end, the multi
gram scale synthesis of the low molecular weight ligand LH4 based on a 
PCTA (3,6,9,15-tetraazabicyclo[9.3.1] pentadeca-1(15),11,13-triene- 
3,6,9,-triacetic acid) scaffold (Scheme 1) was revisited. Indeed, PCTA 
is known to be a well-suited chelating agent for lanthanide ions, leading 
to stable chelates [6–9] with fast kinetics of complex formation and high 
kinetic inertness [10]. The PCTA scaffold was first modified by the 
addition of an oxyacetic chain on the pyridine unit and, in a second time, 
the corresponding GdLH chelates [11] were incorporated within nano
hydrogels. The nanohydrogels under consideration were obtained by an 
ionic gelation process [12] between two hydrophilic biopolymers, 
namely chitosan (CS) which is polycationic, and hyaluronic acid (HA) 
which is polyanionic. Since the nanogel formation is driven by electro
static interactions, it justifies the need to add an ionizable function on 
the PCTA scaffold to favor GdLH encapsulation. Finally, the ability of 
encapsulated GdLH chelates to better accelerate the proton relaxation 
rates of water molecules in their vicinity was evaluated by relaxometric 
experiments. 

Results and discussion 

Syntheses of LH4 and its gadolinium complex GdLH 

The synthesis of the desired gadolinium complex GdLH was per
formed with two post-macrocyclization steps from the prochelator 
LtBu4 (Scheme 1). 

The strategy is based on a key macrocyclization step that involves the 
two pre-functionalized synthons 1 and 2 [13] so that all the functions 
required for both complexation of the paramagnetic ion and encapsu
lation in hydrogels are already installed on the resulting prochelator. 
This method, by assembling two “blocks”, has the advantage of avoiding 
high-dilution and limiting the number of post-macrocyclization steps 
and is well-adapted to the synthesis of LtBu4 at the multigram scale. 
Indeed, this strategy proved to be more efficient in terms of overall yield 
than those based on regioselective functionalization after macro
cyclization [14]. Moreover, the block assembly strategy is also well- 
suited to the preparation of custom-made pyclen-based chelating 
agents as structural variations can be done on both blocks. For instance, 
it allows to modulate the ligand denticity according to the metallic 
cation to be chelated and/or the nature of the additional site according 
to the desired application (bioconjugation, bimodal tracer, encapsula
tion, …) [13–19]. 

Compound LtBu4 resulted from a controlled macrocyclization step 
[14,15] involving the linear triamine 2 [13,18] and the dibromomethyl 

pyridine 1. Triamine 2 was prepared from diethylenetriamine at scales 
up to 15 g with an overall yield of 60% following a three-step process 
recently reported by us [13]. Dibromide 1 was also prepared at scales up 
to 20 g in accordance to the previously described procedure for the 
ethyl ester analogue [13]. 

The nucleophilic displacement of bromide for ring closure is not so 
trivial as it can give rise to several by-products: competitive [2 + 2] 
macrocyclic products together with oligomeric forms, competitive 
conversion of triamine synthon into non-reactive lactam [16]. There
fore, as Picard’s group has done previously for bifunctional chelating 
agents bearing a para-substituent on the pyridine, or on one of the 
α-carbon of an acetate arm [17], we examined the macrocyclization 
conditions for scaling-up (Table 1). 

Based on our previous results for the ethyl series compound [13], the 
conditions for the selective formation of the 12-membered ring com
pound LtBu4 resulting from a [1 + 1] macroring process were applied to 
the dibromide 1 of the tert-butyl series. This led to the compound LtBu4 
obtained in 72% yield for a scale of more than 3 g (Entry 1). Interest
ingly, a similar result was obtained in homogeneous medium with N,N- 
diisopropylethylamine in dichloromethane which excludes the “metal- 
template” ion effect [20] as the dominant factor in this macrocycling 
process (Entry 2) [18]. However, from a practical point-of-view, the 
heterogeneous conditions were preferred because the treatment to 
remove the base from the crude is easier (simple filtration versus 
repeated washings of the organic solution). It is also interesting to note, 
based on 1H NMR monitoring of the crudes, that the 5-fold increase of 
the reaction concentration had little or no impact on the [1+1]-mac
roring process with a satisfactory yield of about 70–75% and a similar 
purity for the isolated 12-membered macrocycle LtBu4 (Entry 3; see ESI 
for details). However, for the higher concentration of 0.22 M, the yield 
dropped to 50% and was accompanied by a significant loss of purity of 
the isolated product. This can be attributed, on the basis of the 1H NMR 
spectrum showing broad resonances superimposed on those of the 12- 
membered macrocycle LtBu4, to competitive side-processes of oligo
merization and/or [2 + 2]-macroring (Entry 4; see ESI). 

As reported for other PCTA compounds [13,17,18], the compound 
LtBu4 is characterized by a specific 1H NMR feature that can be attrib
uted to its intrinsic overall basicity. Indeed, considering the calculated 
pKas and the corresponding distribution curves of the species in solution, 
the strongest basic center would be nitrogen N6 opposite to the pyridine 
subunit with a pKa value of 6 (see ESI) [21]. Therefore, at pH 5–6, 
reached when the alkaline crudes are washed to neutrality, the com
pound LtBu4 may exist as a mixture of acidic + 1-charged species in 
equilibrium on the NMR timescale, and can explain the 1H NMR trace 
obtained with strong line-broadening for all the CH2 resonances in the 
2.5–5.0 ppm region. On the opposite, samples resulting from a basic 
medium pH greater than 8 exhibit a 1H NMR spectrum with sharp signals 
and the methylenic protons in the 3.0–4.2 ppm region split into 
AB patterns (see ESI). This may be consistent with the occurrence of a 
single species, corresponding to an uncharged species or to a Na- 
complex as reported before for similar compounds [17]. Furthermore, 
similar pH-dependence can be observed as well on 13C NMR traces (see 
ESI). 

Scheme 1. Synthesis of the gadolinium complex mentioned in this work. a) 
Na2CO3, CH3CN; b) HClanh, Et2O; c) GdCl3, H2O, NaOH, H2O, pH 5.5 then
NaOH, pH 7.5. 

Table 1 
Optimization of the macrocyclization conditions for compound LtBu4. Experi
mental conditions: a solution of triamine 2 in acetonitrile or dichloromethane at 
the indicated concentration (0.01 to 0.22 M), with dibromide 1 (1.1 eq) and a 
base (Na2CO3 or DIPEA) was stirred at room temperature overnight.  

Entry Solvent Triamine 2 (mol. 
L− 1) 

Base (eq) Yield (mass 
obtained) 

1a) CH3CN  0.01 Na2CO3 (4 eq) 72% (3.4 g) 
2 CH2Cl2  0.01 DIPEA (3 eq) 71% (1.1 g) 
3 CH3CN  0.05 Na2CO3 (4 eq) 76% (1.2 g) 
4 CH3CN  0.22 Na2CO3 (4 eq) 51% (0.8 g) 

(a) Conditions previously reported for analogous pyclen-based prochelator [13]. 
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The deprotection of the tert-butyl esters was then achieved by acid
olysis in anhydrous hydrogen chloride at room temperature and affor
ded the tetraacid LH4 in the form of a hydrated trihydrochloride salt 
LH4. 3HCl⋅2H2O with a yield of 65% after purification by reverse phase 
chromatography. In order to examine the acid-base properties of the 
compound LH4, a 1H NMR titration was then performed according to the 
protocol described by S. Aime et al. [6]. In addition, as done by G. Tircsó 
et al. [10], the titration was performed over a wide range of pH 1–13 in 
order to determine as many pKas values as possible within this range (See 
ESI for details). Under these conditions, six protonation steps were 
detected (pKas ≈ 2.0, 2.5, 4.0, 7.0, 8.1, 10.4) so that it can be assumed 
that the meta substituent induces an increase in total basicity since three 
protonations occured in the pH-range 6–13 whereas two ones were re
ported in the same range for the parent ligand PCTA-12 [6,7,10,22]. 

Finally, the Gd-complexation proceeded rapidly in less than 2.5 h 
with a stoichiometric amount of GdCl3 at 50–55 ◦C and at a controlled 
pH of 5.5 and gave the complex GdLH in 82% yield after removal of free 
Gd3+ by precipitation as its hydroxide salt (pH raised to 7.5 with NaOH) 
followed by a desalting procedure by membrane filtration and gel 
filtration on Sephadex™ G-10. Luminescence lifetime measurements 
performed in H2O and D2O (see ESI) on the corresponding Eu(III) com
plex allowed to determine that two water molecules were directly co
ordinated to the lanthanide ion [23]. 

Encapsulation of GdLH within nanogels 

GdLH ⊂ CS-TPP/HA nanogels (NGs) were prepared by a one-step 
ionotropic gelation process [12]. This method relied upon the estab
lishment of multivalent electrostatic interactions between chitosan (CS) 
and hyaluronic acid (HA). The resulting supramolecular network could 
be reinforced by cross-linking mediated by small anionic cross-linkers 
such as sodium tripolyphosphate (TPP). The average hydrodynamic 
diameters of GdLH ⊂ CS-TPP/HA NGs were determined by DLS as well 
as the polydispersity index of the nanoparticle population (Table 2). 
Nanoparticle zeta potential (ζ) which was indicative of their outermost 
surface charge was determined by ELS. 

DLS analysis showed that before dialysis GdLH ⊂ CS-TPP/HA 
nanogels exhibited average hydrodynamic diameters inferior to 300 nm. 
Upon dialysis, one should notice that the NG size increased which can be 
attributed to the NG swelling and the hydrogel nature of the nano- 
objects [24]. DLS monitoring of nanogel sizes over a period of four 
months demonstrated that owing to electrostatic repulsion (ξ-potential 
>+38 mV after dialysis), the final colloidal suspensions were stable at 
room temperature (Fig. 1). In higher ionic strength media such as NaCl 
0.9% or PBS, the initial NG hydrodynamic diameter is lowered due to 
the shrinking of the double ionic layer that surrounds the nanoparticles 
[25]. Moreover, no modification of the hydrodynamic diameter was 
observed over a long period of time illustrating the long-term stability of 
these NGs in these physiological media. 

Scanning Electron Microscopy (SEM) analysis (Fig. 2a) highlighted 
that GdLH ⊂ CS-TPP/HA nanogels were spherical and narrowly mono
disperse. The diameters determined by SEM were in the range of 
120–170 nm and then, smaller compared to the DLS ones. This is usually 
observed because of the dehydration occurring during sample drying. 
The presence of Gd(III) inside the NGs was confirmed by energy- 
dispersive X-ray spectroscopy (EDXS) performed on isolated 

nanoparticles (Fig. 2b). On the EDXS spectrum, in addition to the current 
elements constituting of the nanogel, the characteristic lines of Gd were 
clearly observed. Gd loadings determined by ICP–OES measurements 
were comparable to those already obtained for GdDOTA ⊂ CS–TPP/HA 
nanogels [26], depicting the versatility of the encapsulation process. 

MRI efficiency of GdLH ⊂ CS-TPP/HA nanogels was evaluated by 
means of their longitudinal relaxation rates and their NMRD profile was 
recorded at 37 ◦C (see ESI). 

On a per millimolar-Gd basis, the GdLH ⊂ CS-TPP/HA nano
suspension presented a r1 value of 15.9 mM− 1.s− 1 at 20 MHz and 12.1 
mM− 1.s− 1 at 60 MHz (see ESI). In comparison, the free complex GdLH 
for which the gadolinium center possesses two coordinated water mol
ecules, was characterized by a r1 of 7.4 mM− 1.s− 1 at 20 MHz and 6.7 
mM− 1.s− 1 at 60 MHz [13]. The particles exhibited then a relaxivity 
exaltation (i.e. almost 2 times higher at 20 and 60 MHz respectively) and 
compared to the gold standard DOTAREM®, an exaltation of relaxivity 
of at least a factor of 4 in the same frequency range. Moreover, the 
GdLH ⊂ CS-TPP/HA NGs NMRD profile was characterized by a 
maximum in relaxivity between 25 and 30 MHz which is typical for Gd 
complexes with a restricted rotational motion (see ESI). This restriction 
is due to the encapsulation of GBCAs within the nanogels [12]. 
Furthermore, as both CS and HA are highly hydrophilic [27], they 
provide a favorable aqueous environment for GdLH chelates via H- 
bonding interactions between water molecules and Gd chelates. Thus, 
the polymeric hydrophilic matrix has a positive impact on Gd chelate 
relaxivity since for Gd chelates burried within this matrix, it was 
enhanced probably via an outer-sphere and/or second-sphere mecha
nisms [26]. In order to check how this relaxation amplification could be 
translated into high-field MR images as well, T1-weighted images of 
phantoms containing GdLH ⊂ CS–TPP/HA suspensions were acquired 
on a 3 T clinical imager, with DOTAREM® as control (Fig. 3). The 
T1–weighted images revealed that the signal brightening as a function of 
Gd concentration is much higher when GdLH is encapsulated in nano
gels. There are two physical reasons for this: encapsulation of large 

Table 2 
Nanogel characteristics and Gd(III) loadings of GdLH ⊂ 
CS-TPP/HA NGs.  

DH (nm) before dialysis a) 254 
DH (nm) after dialysis a) 281 
PdI 0.15 
ξ (mV) 38 
[Gd]NGs (mM) 0.12 

(a) Measure in intensity. 

Fig. 1. Particle size variation as a function of time (D refers to the diameter at 
time t and D0 to the initial diameter). 

Fig. 2. a- SEM images of GdLH ⊂ CS-TPP/HA NGs; b- EDXS spectrum of GdLH 
⊂ CS-TPP/HA NGs showing a characteristic Gd signal. 
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amounts of GdLH in nanogels led first in an apparent increase in the 
mass of the complex and second in a restriction of its rotational motion. 
These two effects led to a great exaltation of the MRI signal [28]. 

Conclusion 

The PCTA-based gadolinium chelate GdLH was synthesized at the 
multigram scale. The strategy is based on the assembly of two func
tionalized blocks to build the macrocyclic scaffold followed by two post- 
macrocyclization steps and led to the desired chelate with an overall 
yield for three steps of 40%. GdLH encapsulation within nanogel 
through an ionic gelation process resulted in a boost in relaxation by at 
least a factor of 4 (in the range 20–60 MHz), by comparison to the gold 
standard DOTAREM®. The incorporation of gadolinium chelates in 
highly hydrophilic matrices such as nanohydrogels is therefore a simple 
way to substantially amplify the MRI response of gadolinium chelates 
without the need for sophisticated synthetic strategies. These results 
encouraged us to plan further investigations with variation either on the 
nature of the ionisable side-chain (cationic, zwitterionic) or on the 
nanogel matrix in order to have GdLH nanogels that can be addressed to 
specific targets. 
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