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Abstract: The development of gadolinium-based magnetic resonance imaging (MRI) contrast agents
(CAs) is a highly challenging and demanding research field in metal-coordination medicinal chemistry.
The recognized high capacity of hydroxypyridinone (HOPO)-based compounds to coordinate Gd(III)
led us to evaluate a set of physic-chemical-biological properties of a new Gd(Ill)-complex with an
hexadentate tripodal ligand (HsL), containing three 3,4-HOPO chelating moieties attached to an
anchoring cyclohexane backbone. In particular, the thermodynamic stability constants of the complex
were evaluated by potentiometry, showing the formation of a high stable (1:1) Gd-L complex (log fca
=26.59), with full coordination even in acid-neutral pH conditions. Molecular simulations of the Gd(III)
complex revealed a minimum energy structure with somehow distorted octahedral geometry,
involving full metal hexa-coordination by the three bidentate moieties of the ligand arms, indicating
that extra water molecules should be coordinated to the metal ion, an important feature for the CAs
(required enhancement of water proton relaxivity). In vivo biodistribution studies with the ¢Ga
complex, as surrogate of the corresponding Gd complex, showed in vivo stability and rapid excretion
from the animal body. Though deserving further investigation, these results may give an input on
future perspectives towards new MRI diagnostic agents.

Keywords: hydroxypyridinones; MRI contrast agents; gadolinium-complex; thermodynamic
stability; biodistribution

1. Introduction

Paramagnetic metal ion complexes, mostly based on gadolinium (Gd(IIl)), have been
investigated and used over the last three decades as magnetic resonance imaging (MRI) contrast
agents (CAs) [1,2]. Gadolinium-based contrast agents (GBCAs) are now employed routinely to
enhance the sensitivity and specificity of MRI examinations. The commercially available GBCAs are
Gd(III) complexes with polyaminopolycarboxylate ligands enabling octadentate coordination to the
metal ion and can be classified into two groups, according to the ligand structure: as macrocyclic (e.g.
Dotarem) or as linear (e.g. Omniscan).

One of the major factors that controls the efficiency of MRI CAs is their relaxivity, that must be
improved in order to reduce the amount of CA required. The relaxivity is the ability of the contrast
to increase the relaxation rate of surrounding water protons, being mainly determined by the
exchange rates between water molecules in the inner sphere and in the outer sphere. This includes
the water of tissues and organs, though other parameters can affect the relaxivity of GBCAs such as
the structure and molecular weight of the ligand, as well as their rotational correlation time [3].

Despite all the advantages of GBCAs, it is also crucial to take into consideration that gadolinium
is very toxic as free ion, due to its recent association with nephrogenic systemic fibrosis [4]. Thus, for
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clinical applications, a key aspect of the Gd(Ill) complexes used as CAs must be their high
thermodynamic stability [5] as well as kinetic inertness. These properties are intended to guarantee the
long-term resistance of the GBCAs to Gd(III) dissociation (and release of the toxic metal ion), for which
the respective dissociation rate should be slower than the elimination rate in the patient body [6].

On the other hand, since the trivalent gadolinium prefers a coordination number of 9, its
octadentate coordination with the currently available GBCAs, based on chelates with polyaminoacid
ligands, leaves only one coordination site free for an inner sphere water molecule. Therefore, to
improve the relaxivity by raising the hydration state of the contrast, the strategy of reducing the
number of coordination sites provided by the ligands can be adopted, though for this family of Gd
chelates it would imply both a reduction on the thermodynamic stability of the GBCAs as well as
raised toxicity concerns. Aimed to overcome this problem, a new group of alternative Gd chelates
were developed in 2006 by the group of K.N. Raymond [7], and in this line, a series of tripodal ligands
containing three hydroxypyridinone (HOPO) chelating moieties, such as TREN-1-Me-3,2-HOPO, has
been extensively investigated. The Gd(III) complexes with these ligands revealed to contain two or
three water molecules coordinated to the metal ion, which conferred remarkable high relaxation
efficiencies, besides high thermodynamic stability (log KcaL =19.2) [7,8].

Following an identical strategy, different tripodal tris-3-hydroxy-4-pyridinone (tris-3,4-HOPOs)
ligands were recently developed and evaluated for the magnetic and complexation properties of the
corresponding Gd complexes [9,10]. The obtained results confirmed the capacity of these ligands to
form very stable Gd complexes (log Kcanr =26.35 [9], log Kcar = 21.22 [10]) with hexadentate
coordination and two free sites left for water coordination to metal ion to enable efficient
paramagnetic enhancement of water proton relaxation. Inspired by these findings, we have decided
to investigate the properties of a Gd(III) complex with another tripodal tris-3,4-HOPO compound,
KEMPPr(3,4-HP)3 (see Scheme), having three 3,4-HOPO chelating moieties attached to cis,cis-1,3,5-
trimethylcyclohexane-1,3,5-tricarboxylic acid (Kemp's triacid), which had previously revealed a high
capacity to wrap and sequestrate three positive hard metal ions (Fe(IlI), Ga(IlI), Al(III)), through hexa-
coordination for the 1:1 M/L complexes [11]. In particular, herein are described the results of the
studies on the chelating ability of KEMPPr(3,4-HP)s towards Gd(III), namely its solution equilibrium
thermodynamic stability as a measure of its capacity to form strong hexa-coordinated 1:1 Gd/L
complexes, and potentially leave extra positions for coordination of water molecules to Gd(III).
Furthermore, molecular modeling calculations, based on density functional theory (DFT), were also
performed to predict the probable metal complex structure and also the number of water molecules
coordinated to Gd-complex; in silico evaluation was done as well to get some insight on some
pharmacokinetic parameters of KEMPPr(3,4-HP)s and its metal complex. Finally, studies in mice
were presented to assess the in vivo stability and biodistribution profile of the Ga complex as a
surrogate model of the analogue Gd-complex.
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Scheme. Structural formula of the hexadentate tripodal compound KEMPPr(3,4-HP)s.
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2. Results and Discussion
2.1. Gd Chelation Studies

The determination of the thermodynamic stability constants of the Gd(IlI)-complex required a
previous evaluation of the ligand protonation constants to be subsequently introduced in the Gd(III)
complexation model. The acid-base behavior of KEMPPr(3,4-HP)s was already studied in aqueous
medium [11], revealing that although the compound was isolated in the neutral tri-protonated form,
HsL, its fully protonated species (HsL*) has six dissociable protons. The three first protonation
constants correspond to the phenolic groups of the 3,4-HP moieties while the last three are ascribed
to the pyridyl nitrogen atoms. Although this compound is water soluble, the metal complexation
studies revealed some solubility problems, namely due to the formation of the neutral M(III)L
complexes as well as the possibility of precipitation due to metal hydrolysis. In fact, in the previously
reported iron complexation studies with KEMPPr(3,4-HP)s, a mixed medium (methanol/water) was
also used to try to avoid these problems [11]. Therefore, herein it was decided to use a mixed
DMSO/water medium (50%, w/w) and so the protonation constants had to be re-calculated under
these experimental conditions, in order to introduce the corresponding acid-base data in the Gd(III)
complexation model. Even though under the potentiometric experimental conditions some solubility
problems can arise in aqueous medium, in cell studies the concentration of ligand used is lower (<7
puM) and thus the final DMSO concentration in culture media would be even lower (<1%),
consequently not predicted to provoke substantial changes in biological tissues.

All the studies were performed by potentiometric titrations of the ligand alone or in the presence
of a 1:1 Gd/L stoichiometric ratio (Figure 1), which allowed the determination of the protonation
constants of KEMPPr(3,4-HP)s, as well as the stability constants of the formed Gd(III)-complexes,
from the best fitting of the experimental curves with the Hyperquad program [12] (Table 1). Other
Gd to ligand molar ratios were not considered in the present study, because it was admitted that
species with 1:2 stoichiometric ratio are present only at quite low concentrations for pH ca 7. In fact,
in the previous evaluation of the Gd complexation model of another tripodal compound
(NTP(PrHP)3) [9], containing identical metal chelating hydroxypyridinone moieties, it was found that
1:2 species, namely GdHsLz, formed at pH 7 in percent concentration ca 2% under the experimental
conditions used in the potentiometric titrations or 5% for Cr = 1x 10° M (C/Ccd =10).
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Figure 1. Potentiometric titration curves for the compound (HsL), KEMPPr(3,4-HP),, and the system Gd(III)/L
1:1(C =3.2 % 10_4 M, 50% w/w DMSO/water medium); a represents moles of added base per mole of ligand.

Empty symbols stand for experimental points that were not included in the calculations.


https://doi.org/10.20944/preprints202502.1574.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 February 2025

4 of 13

The herein obtained values for the protonation constants of KEMPPr(3,4-HP)s are similar to
those previously reported in aqueous medium for this and other tripodal compounds [10,11,13],
though somehow higher values were found for the first three values probably due to the difference
in the working media (50% w/w DMSO/water vs water). In fact, previous studies on the influence of
the composition of DMSO/water media over acid-base equilibrium refer to the importance of the
electrostatic forces [14,15]. Therefore, the basicity of negatively charged O-sites (from the HP
moieties) is expected to increase with the lower hydrating capacity of the 50% w/w DMSO/water
medium. Since the protonation centers contained in one arm of the tripodal ligand are quite far away
from the similar ones in the remaining two arms, they can be considered equivalent basic groups, for
which a difference in log K values of 0.602 could be expected [16]. In fact, a somehow higher difference
(1.1) was found herein between log Kz and log K3, otherwise similar to a previously reported value
(1.15) [10]) between log Ks and log Ks for HsL2 (Table 1), which can eventually result from the
establishment of some hydrogen bond interactions and concomitant minor inequivalence between
the arm protonation centers.

The species distribution plot in Figure 2 shows the predominance of the neutral HsL species in
the pH range 3.4-9.9, which means that at physiological pH (7.4) the composition of the solution is
99.95% of HsL and only 0.05% of the monocharged HiL* species.

Table 1. Stepwise protonation constants (log Ki)?, global formation constants® of the Gd(III) complexes and pGd«
(50% w/w DMSO/water, T = 25.0 + 0.1 °C, I = 0.1 M KCl), as well as comparison values for some tripodal

compounds.

d0i:10.20944/preprints202502.1574.v1

Compound log Ki (m,h,1) log f(GdmHnL1)
11.5@) | @1,41) 41.35(8)
1097(5) | (1,2,1) 35.17(7)
IR 9.87(6) (1,1,1) 31.30(4)
(. ”NL 396(7) | (1,0,1) 26.59(8)
I IIOH@( 3.19(8)
O OH O 5 OH
3.04(9)

KEMPPr(3,4-HP)s pGd 13.2¢
. e 9.93(2) | (1,41) 37.74(4)
fM ! 9.754) | (1,2,1) 30.03(6)

r % Ho\” \o 9.185) | (1,0,1) 21.22(5)

o OH Q‘\ oH 426(5)

o 3.11(6)
HiL2e 2.77(7) pGd 14.3
9.95¢ 1,5,1) 42.8¢
9.84f 1,4,1) 39.468
Q N~ O
» e 9.09f 1,3,1) 35.698
¢ "y 6.77 1,2,1) 31.168
N
Y Wb 3.81f 1,1,1) 26.358
O oH &OH
S 3.14f 1,0,1) -
f
NTP(PHP): 2.76 1,5,2) 65.38
[1,3,2) 52.3¢
pGd 12.3

aKi=[HiL]/[Hi1L][H]. ® B(GdmH:iL) = [GdmHwL1)/[Gd]"[H]'[L]. < pGd value at pH =7 (pGd =-log [GA(II)],
CL=10°M, Ci/Ccd =10). 4 pGd at pH = 6. ¢ in water, ref. 10. f in water, ref. 13. 8in water, ref. 9.
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Figure 2. Species distribution curves of KEMPPr(3,4-HP)3 (CL =3.2x10 M, 50% (w/w) DMSO/water medium).

Analysis of the potentiometric titration curves (Figure 1), namely that obtained for the
Gd(III)/KEMPPr(3,4-HP)s system under 1:1 (Gd/L) stoichiometry, evidences a change in the
deprotonation profile of the ligand due to its coordination to Gd(III). Since some precipitation was
detected above pH = 6, the corresponding experimental points were not used in the calculations to
obtain the Gd(IIl) complexation model. The obtained Gd(III) complexation model presents some
similarities to that previously found for HsL2 (see Table 1) [10], involving firstly the formation of a
bis-chelated GdHsL# species, a GdH:L? tetra-chelated complex and afterwards the formation of a
neutral hexa-coordinated GdL species. Analysis of the corresponding species distribution curves
(Figure 3) shows that, under the used experimental conditions, the Gd(III) complexation begins below
pH = 3, the bis-chelated complex is not very stable when compared with GdH:L?* or GdL, and the
neutral GdL complex is the major complex species above pH ca 4.8.

The pGd value (pGd = -log [GA(III)], CL = 10° M, Ct/Cca = 10) [17] contained in Table 1 for the
Gd(III)/KEMPPr(3,4-HP)s system was calculated at pH 6, while those for the comparison compounds
refer to pH = 7. Besides differences in the working media and pH, the pGd values obtained for
KEMPPr(3,4-HP)s and HsL2 show somewhat higher chelating capacity towards Gd(III) (pGd = 13.2-
14.3) than for NTP(PrHP)s (pGd = 12.3). Therefore, it seems that the higher backbone rigidity and
shorter arms of KEMPPr(3,4-HP)s, when compared with HsL2 or NTP(PrHP)s, do not interfere on the
Gd chelating ability of these tripodal 3,4-HP derivatives. In fact, there are other tripodal compounds
that are stronger Gd chelators (pGd ca 19-20 at pH 7.4), which may be attributed to a better spatial
arrangement in the coordination core around the metal ion, e.g. with 3,2-HOPO or pyrone moieties,
as well as the standard Gd(IIl) ligands, diethylenetriamine penta-acetic acid (DTPA, pGd =19.1) and
1,4,7,10-tetraazacyclododecane N,N',N",N"'-tetra-acetic acid (DOTA, pGd =20.4) at pH 7.4 [18-20].

% formation relative to Gd

-4
Figure 3. Species distribution curves for the Gd(III)/KEMPPr(3,4-HP)s 1:1 system (CL =3.2 x 10 M, 50% w/w
DMSO/water medium).
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2.2. Molecular Modeling of the Gd Complex

In order to get some insight on the molecular structure of the Gd complex and also to evaluate
the possibility of enclosing water molecules in the Gd coordination shell, a prominent feature for its
magnetic properties, DFT calculations were performed. Molecular simulations were obtained with
full geometry optimization of the gadolinium complexes (with one or two water molecules
coordinated to Gd) by quantum mechanical calculations based on DFT methods included in the
Gaussian 03 software [21,22], with the B3LYP hybrid functional [23] and the Stuttgart/Dresden ECP
(SDD) basis set [24]. No symmetry constrains were considered during geometry optimization in
vacuum.

These calculations allowed to conclude that the Gd-KEMPPr(3,4-HP)3s complex should present a
distorted octahedral geometry with hexacoordination provided by the three bidentate 3,4-HOPO
moieties of the ligand to Gd(III). The energy-minimized structure obtained for the 1:1 Gd complex
with one coordinated water molecule is shown in Figure 4. Analysis of the model complex shows
that the backbone cyclohexane ring (chair conformation) is in opposite direction relatively to the
coordination core, seeming to be responsible by a certain degree of distortion of the Gd coordination
geometry, which may also make difficult the coordination with another water molecule.

The coordination bond distances obtained for Gd-KEMPPr(3,4-HP)3.1H20 complex are 2.41(9) A
for Gd-Otigand (average value and standard deviation) and 2.524 A for Gd-Owater. These calculated
distances for the Gd-Oligand bonds agree well with previous results reported for GAL1.2H20 (2.42(8)
A)[9], GAL2.1H:0 (2.39(9) A) [10], GAL2.2H20 (2.40(6) A) [10] and the X-ray structure of the complex
Gd(TREN-Me-3,2-HOPO)-2H:20 (average 2.38(3) A) [18]. Relatively to the herein determined Gd-
Ouwater bond length (2.524 A), it can be concluded that it is also similar to already published ones:
GdL1.2H:0 (average 2.58(7) A) [9], GAL2.1H20 (2.434 A) [10] and GdL2.2H:O (2.436 and 2.537 A)
[10], both ligands L1 and L2 presenting longer arms than KEMPPr(3,4-HP)s (7 against 5 atoms); even
the values found in the X-ray structure of Gd(TREN-Me-3,2-HOPO)-2H:0 (2.436 and 2.446 A) [18]
(ligand with 4 atoms length arms) are under the same order of magnitude.

Figure 4. DFT-minimized structure of the Gd-KEMPPr(3,4-HP)3-1H20 complex, containing one water molecule
in the coordination shell. Coloring of atoms: Gd (light blue), N (blue), O (red), C(grey) and H (white).

Even though two water molecules could be accepted to coordinate to the metal ion, these
calculations suggested that a minimum energy complex structure only allowed the extra-
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coordination of one water molecule to Gd, though the actual number of coordinated water molecules
could only be experimentally obtained.

2.3. Predicted Pharmacokinetic Properties

The drug-likeness properties of the ligand KEMPPr(3,4-HP)3 and its Si-KEMPPr(3,4-HP)s
complex (as surrogate of the corresponding Gd complex) were predicted in silico using the
software QikProp v.2.5 [25], after a prior optimization of their structures by energy minimization
with Maestro program (see Section 2.3). The set of calculated pharmacokinetic properties and
descriptors are summarized in Table 2. Analysis of these parameters, in comparison with
commonly acceptable values for drugs, as described in the table footnotes [25], shows that the
molecular weights (MW) are slightly higher than the commonly acceptable values for drugs
(130-725), but the remaining pharmacokinetic parameters are within the range of the drug-like
compounds, such as polar surface area (PSA), octanol/water partition coefficient (clog Pomw),
interaction with human serum albumin, brain-blood barrier (BBB) permeability, human oral
absorption, while Caco-2 and MDCK cell permeability are also very good for the metal complex
but poor for the ligand.

Table 2. Pharmacokinetic descriptors predicted in silico by QikProp v.2.5. [18].

log K
MWa HB PSAc clog (HSA) log BBf | Caco-2 MDCK % Oral
Species D/H Popwd Binding® Permeab | Permeab | Absorpti
BAP (nm/s)8s (nm/s)h
KEMP(PrHP)s 750.9 6/17 228.8 0.78 -0.97 -2.50 18 21 51
Si-KEMP(PrHP): | 7789 | 3/14 | 133.5 3.51 -0.34 -0.80 1212 1490 93

2 Molecular weight (acceptable range: from 130 to 725). P number of hydrogen bond donors (HBD,
acceptable from 0 to 6) and hydrogen bond acceptors (HBA, acceptable from 2 to 20). <PSA (van der
Waals surface area of polar nitrogen and oxygen atoms) (acceptable range: from 7 to 200). 4 Predicted
octanol/water partition coefficient clog Pow (acceptable range: from —2.0 to 6.5). ¢ Interaction with
human albumin (acceptable range: from -1.5 to +1.5). f Brain-blood barrier permeability (acceptable
range: from 3.0 to +1.2). & Predicted Caco-2 cell permeability in nm/s (acceptable range: 25 is poor
and >500 is great). " Predicted MDCK cell permeability in nm/s (acceptable range: <25 is poor and >500
is great). | Percentage of human oral absorption (acceptable range: <25% is poor and >80% is high).

2.4. Biodistribution Studies

In the absence of lab facilities to evaluate the in vivo MRI properties and biodistribution of the
Gd-KEMPPr(3,4-HP)s complex [26], the biodistribution and excretion profiles of the analogue ¢Ga-
KEMPPr(3,4-HP)s complex, as a surrogate of the Gd complex, were evaluated in CD-1 mice at 30 min,
1 h and 24 h after administration of the radiotracer (Figures 5 and 6), similarly to previously reported
by us [11]. We have decided to carry out this study considering the importance of the biodistribution
and clearance profiles of Gd contrast agents to assess their potential as imaging probes, especially
due to the known risk of nephrogenic systemic fibrosis (NSF) associated to GBCAs. Similar
approaches have been recently reported [27] in which a complex of DTPA with %Y, a radionuclide
used for positron emission tomography (PET) was used to evaluate the biodistribution and clearance
in rats, as a surrogate of the corresponding Gd complex to bring prospect for multimodality
molecular imaging.

Data from these studies demonstrate a fast blood clearance and a rapid washout from the main
organs and tissues since the % I.A./organ is lower than 1% for all major organs, except for the kidney,
at 24 h post- injection (p.i.). The highest uptake in the kidneys and the high excretion rate of
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radioactivity from the whole animal body (65.4 +1.1, 81.1 £0.1 and 91.2 £ 0.9 % L.A. at 30 min, 1 h and
24 h, respectively) indicate that the complex is predominantly eliminated by the urinary pathway.
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Figure 5. Biodistribution of “Ga- KEMPPr(3,4-HP)s in CD1 mice, at 30 min, 1 h and 24 h after administration.

The results of these studies suggest a high in vivo stability of the “Ga- KEMPPr(3,4-HP)s complex,
as the biodistribution pattern related to the main radiochemical impurity species (¥Ga hydroxides
(Ga(OH)s and Ga(OH)+ and free °Ga3*) is well established and was not found.
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Figure 6. Total excretion of ¥/Ga-KEMPPr(3,4-HP)3 from whole animal body, at 30 min, 1 h and 24 h after

administration in CD1 mice.

Overall, these in vivo studies show a favorable biodistribution profile of this ¥Ga-KEMPPr(3,4-
HP)s complex, with no relevant uptake in any organ except the excretion path at 24 h p.i., high in vivo
stability and rapid excretion from the animal body.
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3. Materials and Methods
3.1. Gd Complexation Studies

3.1.1. Materials and Equipment

The compound KEMPPr(3,4-HP)s was synthesized according to previously published procedure
[11]. The GdClIs stock solution (9.8 x 10 M) was prepared from the gadolinium salt in HCl 0.1 M
medium, to avoid hydrolysis, and standardized by inductively coupled plasma emission (ICP). The
0.1 M HClI solution used in the calibration of the glass electrode was obtained from a Titrisol ampoule.
The precise amount of HCI of the Gd(III) solution was determined by the standard-addition method
using 0.1 M HCl (Titrisol). The titrant solution used in the potentiometric titrations was obtained from
a carbonate-free 0.1 M KOH commercial ampoule (Titrisol) and standardized by titration with
potassium hydrogen phthalate, being rejected whenever the percentage of carbonate (Gran’s method)
[28] was higher than 1% of the total amount of base. The potentiometric studies were performed with
an automated potentiometric apparatus containing a Crison micropH 2002 milivoltimeter, a Crison
microBu 2031 burette and a Haake thermostatic bath (T = 25.0 £ 0.1 °C), controlled by PASAT
program. The glass and Ag/AgCl reference electrodes were previously conditioned in different
DMSO/water mixtures of increasing DMSO % composition (till 50%) and the answer of the glass
electrode was measured through determination of the Nernst parameters by Gran’s method [28]
obtained from strong acid—strong base (HCI/KOH) calibrations.

3.1.2. Potentiometric Measurements

Potentiometric titrations of compound KEMPPr(3,4-HP)s, in the absence or presence of Gd(III),
were performed in 50% (w/w) DMSO/water medium at ionic strength () 0.1 M KCI, T=25.0 0.1 °C,
using 0.1 M KOH titrant. Each titration was repeated three times, for which the total volume was 20
mlL, the total concentration of ligand (Ct) 3.2 x 10* M and the Gd**/KEMPPr(3,4-HP)s molar ratios 0:1
and 1:1.

3.1.3. Calculation of Equilibrium Constants

The stepwise protonation constants, Ki=[HiL]/[Hi1L][H], and the global Gd(III) complex stability
constants, f(GdmHnL) = [GdmHnLi]/[Gd]™[H]*[L], were calculated by fitting the potentiometric data
with the Hyperquad software [12]. The gadolinium hydrolysis model was determined under the
same experimental conditions (50% (w/w) DMSO/water medium, I=0.1 M KCl, T=25.0+0.1 °C) and
the values obtained for the stability constants (log p (GdH-=) = -15.17, log p (GdH-) = -24.06) were
included in the equilibrium model as well as the value of ionic product of water Kw (10-#%). The
species distribution curves were obtained with the Hyss program [12].

3.2. Molecular Modeling

Molecular modeling studies were performed to get an insight on the molecular structure of the
Gd(IIl) complex of KEMPPr(3,4-HP)s and also to anticipate the most probable number of water
molecules coordinated to gadolinium. The studies were achieved with full geometry optimization of
the gadolinium complexes by quantum mechanical calculations based on density functional theory
(DFT) methods included in the Gaussian 03 software [21,22], with the B3LYP hybrid functional [23]
and the Stuttgart/Dresden (SDD) effective core potential (ECP) basis set [24]. No symmetry constrains
were used during geometry optimization.

3.3. In Silico Evaluation of Pharmacokinetic Parameters

The pharmacokinetic parameters for the ligand KEMPPr(3,4-HP)s and its Si-complex (as a
surrogate of the Gd-complex due to the software non-recognition of Gd) were calculated using the
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QikProp v.2.5. program [25], contained in the Maestro software [29]. The chemical structures of the
ligand and complex were energy-minimized before being submitted to these calculations.

3.4. Biodistribution Studies

Animal studies were carried out in conformity with the national law and with the European
Union (EU) Guidelines for Animal Care and Ethics in Animal Experimentation by properly
accredited researchers by the national authorities. The animals were housed in a temperature and
humidity-controlled room with a 12 h light/dark schedule in animal house facilities approved by
Portuguese Authority of Food and Veterinary (DGAV) and maintained on a normal diet ad libitum.

The biodistribution of “Ga-KEMPPr(3,4-HP)s was evaluated in groups of three female CD-1
mice (randomly bred, Charles River) weighing approximately 25-28 g each. The animals were
injected intravenously with 100 uL (5-10 MBq) of ¢Ga-citrate via the tail vein and immediately after
with 0.5 umol of the ligand in 100 uL of saline solution. The mice were sacrificed by cervical
dislocation at different time points (30 min, 1 h and 24 h) post-injection. The injected radioactive dose
and the radioactivity remaining in the animal after sacrifice were measured using a dose calibrator
(Capintec). The difference between the radioactivity in the injected and sacrificed animal was
assumed to be due to total excretion from the whole animal body. Blood samples were taken by
cardiac puncture at sacrifice. Then, tissue samples of the main organs were dissected, weighed and
measured using a gamma counter (Berthold). The biodistribution results were expressed as the
percentage of the injected activity per organ (% LA.).

4. Conclusions

Our goal was to investigate some relevant physic-chemical and biological properties of a new
Gd(II) complex in view of the potential interest of this chelate as a MRI contrast probe. The
hexadentate tripodal ligand (HsL, KEMPPr(3,4-HP)s), containing three 3,4-HOPO bidentate chelating
moieties attached to a tri-carboxylic-cyclohexane-based backbone (KEMP acid), demonstrated a good
capacity for wrapping and hexa-coordinating Gd(IIl), thus leaving free sites for extra coordination
with water molecules. In particular, the results of solution equilibrium studies confirmed the
formation of GdL complexes with high thermodynamic stability ((log £ (GdL) = 26.59; pGd = 13.2).
Molecular simulation of the Gd complex indicated a slightly distorted octahedral coordination with
one water molecule in the inner metal coordination, a relevant feature for the magnetic properties of
this chelate. These results, together with the favorable in vivo stability and biodistribution profile of
the complex, indicate potential prospective interest of this Gd-chelate for future developments
towards new MRI agents. Although further investigation is required, as in vitro 7O nuclear magnetic
resonance (O NMR) and nuclear magnetic relaxation dispersion (NMRD) studies to evaluate the
actual number of water molecules in the inner coordination sphere and the proton relaxivity, we hope
that the herein presented results may serve as a useful tool for medicinal chemists to design and
create additional MRI contrast agents.
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