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3-Hydroxy-4-pyridinones (3,4-HP) are well known iron-chelators with applications in medicinal chem-
istry, mainly associated with their high affinity towards trivalent hard metal ions (e.g. M3+, M = Fe, Al,
Ga) and use as decorporating agents in situations of metal accumulation. The polydenticity and the
extra-functionality of 3,4-HP derivatives have been explored, aimed at improving the chelating efficacy
and the selectivity of the interaction with specific biological receptors. However, the ideal conjugation
of both features in one molecular unity usually leads to high molecular weight compounds which can
have crossing-membrane limitations.

Herein, a different approach is used combining a arylpiperazine-containing bis-hydroxypyridone (H2L1)
with a biomimetic mono-hydroxypyridinone, ornithine-derivative (HL2), to assess the potential coadju-
vating effect that could result from the administration of both compounds for the decorporation of hard
metal ions. This work reports the results of solution and in vivo studies on their chelating efficacy either
as a simple binary or a ternary system (H2L1:HL2:M3+), using potentiometric and spectrophotometric
methods. The solution complexation studies with Fe(III) indicate that the solubility of the complexes is
considerably increased in the ternary system, an important feature for the metal complex excretion, upon
the metal sequestration. The results of the in vivo studies with 67Ga-injected mice show differences on the
biodistribution profiles of the radiotracer, upon the administration of each chelating agent, that are
mainly ascribed to the differences of their extra-functional groups and lipo/hydrophilic character. How-
ever, administration of both chelating agents leads to a more steady metal mobilization, which may be
attributed to an improved access to different cellular compartments.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Metal ions as iron and aluminium, when in excess or accumu-
lated in tissues, can cause organ dysfunctions and be responsible
for serious pathologies or neuropathologies. Hemochromatosis
and b-thalassemia (requiring frequent blood transfusions) are
examples of iron overload diseases [1,2]. Aluminium accumulation
can cause lesions in the central nervous system tissues and be
responsible for numerous human neurological disorders [3].

Desferrioxamine (DFO) is a hexadentate tris-hydroxamic sider-
ophore which, for decades, has been used for the excretion of body
iron excess. Due to drawbacks associated with DFO, other iron-che-
lating drugs have been discovered, including 1,2-dimethyl-3-hy-
droxy-4-pyridinone (commercially available as deferriprone,
ll rights reserved.

: +351 21 8464455.
ia Santos).
DFP), an orally active iron-chelating drug also currently used in
b-thalassemic patients [4,5]. The combined chelation therapy with
DFO and DFP is also being used in special situations of regularly
transfused iron-overload patients [6–9], improving the metal
mobilization, either in an additive or a synergistic manner, proba-
bly through iron ‘‘shuttling” from DFP to DFO [10]. The Al-decorpo-
ration has also been tested with this and other chelating
combinations [11], such as ascorbate (AS) and DFO and/or Feral-
ex-G, (a glycosyl-hydroxypyridinone derivative) [12].

Since the discover of DFP, 3-hydroxy-4-pyridinones (3,4-HP)
have been quite explored due to their high affinity towards triva-
lent hard metal ions (M = Fe, Al, Ga). In fact, besides the above re-
ferred interest for aluminum and iron chelation, the complexation
with gallium is also of interest because gallium radionuclides can be
used as imaging diagnosis tools, namely 68Ga in positron emission
tomography (PET) [13,14]. In order to obtain better chelating agents
for clinical application, several aspects of the 3,4-HP derivatives
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have been explored, namely their polydenticity [15–18] and extra-
functionality [19–21], to improve the chelating efficacy and the
selectivity of the biological interaction, respectively. The potential
use of 3,4-HPs with complementary properties (e.g. denticity and
molecular size) for combined chelation has also been recently ana-
lysed [22].

We have developed a new bis-hydroxypyridone extrafunction-
alized with an arylpiperazine group, which is known to be recog-
nized by serotonin and sigma receptors, thus providing targeting
properties for brain and tumour-imaging agents [23–26]. In this li-
gand IDAPipPr(3,4-HP)2 (H2L1), two 3,4-HP chelating moieties are
appended to an iminodiacetic acid (IDA) scaffold (see Scheme 1),
which has N-attached a 1,4-dissubstituted arylpiperazine. How-
ever, the saturation of all the M3+ six coordination sites by a bis-
hydroxypyridinonate ligand can lead to the formation of a dinuclear
complex, with expected higher problems on crossing biological
membranes than a mononuclear complex. Also, the water solubility
is often much lower for a polynuclear than a mononuclear species.
Therefore, to overpass these potential limitations of H2L1 bioavail-
ability and to take profit of eventual coadjuvating effects, the che-
lating properties of a combination of this bis-hydroxypyridinone
ligand with a biomimetic mono-hydroxypyridinone (ornithine-
derivative) were also explored.

Herein we report the synthesis of the new tetradentate ligand
IDAPipPr(3,4-HP)2 (see Scheme 1), the aqueous solution studies
and the in vivo assays for metal decorporation. The solution studies
allowed the determination of the acid–base properties of this li-
gand and its chelating ability towards M(III) metal ions (M = Fe,
Al, Ga), either alone or combined with the Orn(3,4-HP) chelating
agent (HL2). These equilibrium studies were performed using
potentiometric and spectrophotometric (UV–Vis, 1H NMR) mea-
surements. The lipo/hydrophilic character was also evaluated
based on the 1-octanol/water partition coefficient of the
compounds.

The in vivo biodistribution studies were performed to assess the
ability of these chelating systems for the removal of a radiotracer
(67Ga) injected in mice, as a model of iron-overload animal. The
chelating ability of H2L1 and HL2, when used separately and in
combination, were evaluated and compared. Also, the biodistribu-
tion of the 67Ga–L1 complex in different organs was assayed. The
results are discussed in comparison with others previously re-
ported for analogous compounds.
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2. Experimental

2.1. Reagents and solutions

All chemicals used were p.a. grade. When anhydrous conditions
were necessary, the solvents were dried using methods described
in literature [27]. The chemical reactions were followed by TLC.
After synthesis and recrystallization of the ligands, the concentra-
tions of their stock solutions were confirmed by the Gran’s method
[28]. The metal ion (Al, Fe, Ga) stock solutions were prepared,
respectively, from AlCl3 � 6H2O (in diluted HCl solution), FeCl3 (in
diluted HCl solution), Ga(ClO4)3 (in diluted HClO4 solution).

Except in the case of Ga(III), the concentrations of the metal ion
stock solutions were determined gravimetrically via precipitation
of quinolin-8-olates. For the measurement of the concentration
of Ga(III), known amount of EDTA was added and the excess of
EDTA was determined with ZnCl2 stock solution. The HCl concen-
tration of the Fe(III) and Ga(III) solutions were determined by
pH-potentiometry.

2.2. Synthesis of the ligand

2.2.1. N-(3-(4-Phenylpiperazin-1-yl)propyl)imino-bis(acetyl(1-(30-
aminopropyl)-3-benzyloxy-2-methyl-4-pyridinone))

1-(3́-Aminopropyl)-3-benzyloxy-2-methyl-4-pyridinone hydro-
chloride [17] (1.004 g, 3.24 mmol) was dissolved in dry methanol
(10 mL) cooled in an ice-bath to 0 �C. KOH pellets (397 mg,
7.08 mmol) were added to the cooled solution, under nitrogen. The
mixture was stirring for 30 min, the formed KCl was filtered out,
the solution was evaporated and the free 1-(30-aminopropyl)-3-ben-
zyloxy-2-methyl-4-pyridinone was dried under vacuum.

In a different flask, N-(3-(4-phenylpiperazin-1-yl)propyl)imino-
diacetic acid [29] (625 mg, 1.67 mmol) was dissolved in dry
dimethylformamide (DMF, 55 mL). The solution was cooled down
in a ice bath, and N-methyl-morpholine (0.400 mL, 3.64 mmol)
and O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium tetrafluo-
roborate (TBTU, 1003 mg, 3.12 mmol) were added. The yellow
solution obtained was stirred at 0 �C under nitrogen atmosphere
for 50 min. The solution was filtered and then added to a solution
of free 1-(30-aminopropyl)-3-benzyloxy-2-methyl-4-pyridinone
in dry DMF (ca. 6 mL) and cooled down with a NaCl–ice cooling
bath.
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The reaction mixture was stirred at 0 �C under nitrogen for ca.
2 h; the temperature was allowed to increase up to the room tem-
perature it was left stirred during 12 h. After filtered, the solution
was evaporated and dried under vacuum. The solid residue was
purified by flash chromatography on a silica–gel column, using a
mixture of dichloromethane, methanol and ammonia at
1:1:0.005 volume ratio as eluent. Recrystallization with dry
MeOH/CH3CN mixture afforded the pure product as a white solid
(g = 33%). Mp 89–90 �C, 1H NMR (CDCl3/tetramethylsilane, TMS):
8.661 (2H, d), 7.314 (2H + 10H, m), 6.878 (3H, d), 6.235 (2H, d),
5.086 (4H, s), 3.800 (4H, t), 3.201 (8H, m), 3.137 (4H, s), 2.564
(6H, m), 2.375 (2H, t), 2.068 (6H, s), 1.822 (4H, t), 1.678 (2H, t).
The splitting of proton resonances in the reported 1H NMR spectra
are defined as s = singlet, d = doublet, t = triplet, and m = multiplet.
m/z (fast atom bombardment mass spectra, FAB-MS): 817 (M+1).

2.2.2. N-(3-(4-Phenylpiperazin-1-yl)propyl)imino-bis(acetyl(1-(30-
aminopropyl)-3-hydroxy-2-methyl-4-pyridinone)) (IDAPipPr(3,4-
HP)2)

N-(3-(4-Phenylpiperazin-1-yl)propyl)imino-bis(acetyl(1-(30-ami-
nopropyl)-3-benzyloxy-2-methyl-4-pyridinone)) (400 mg, 0.49 mmol)
were dissolved in dry methanol (ca. 10 mL). To this solution, 10%
Pd/C (135 mg) was added and the mixture was stirred at room
temperature, during 4 h under H2 (2 atm). After filtration, the sol-
vent was evaporated under vacuum. A white solid was obtained
from the recrystallization of the solid residue with dry methanol/
ether (g = 97%). Mp 112–114 �C, 1H NMR (D2O): 7.613 (2H, d),
7.383 (2H, t), 7.101 (3H, d), 6.480 (2H, d), 4.107 (4H, t), 3.327
(4H, t), 3.233 (4H, s), 3.041 (4H, t), 2.841 (2H, t), 2.611 (2H, t),
2.390 (6H, s), 2.010 (4H, t), 1.784 (2H, t). IR (KBr): 3402 cm�1 (O–
H), 1655 cm�1 (C@O), 1561 cm�1 (C@C), 1508 cm�1 (C@O),
1250 cm�1 (C–O). m/z (FAB-MS): 665 (M+1). Anal. Calc. to
C35N7H47O6K2�H2O: C, 55.46; H, 6.52; N, 12.93. Determ.: C, 55.4;
H, 6.4; N, 12.6%.

2.3. Potentiometric studies

The exact concentration of the carbonate-free KOH titrant was
determined by pH-potentiometry. Potentiometric titrations were
performed in the pH range 2.0–11.5 or until precipitation. 3 mL
samples were used, at 0.2 M KCl ionic strength and 25.0 ± 0.1 �C.
During the titrations, oxygen-free argon was continuously bubbled
above the samples. Samples were always freshly prepared. In the
case of the binary system metal and H2L1, the ligand concentration
was 2.64 � 10�3 M and the metal-to-ligand ratios were 1:2 and
1:1. In the studies of the binary system with H2L1 or HL2, the con-
centrations were varied in the range 1.5 � 10�3–3 � 10�3 M for the
ligand H2L1 and the H2L1/HL2 molar ratios were 1:1 and 1:2. In the
ternary system (metal, H2L1, HL2) the concentrations were varied
in the range 0.5 � 10�3–1 � 10�3 M for H2L1, and the metal-to-
H2L1-to-HL2 ratios were in the range of 1:0.5:2, 1:1:2 and 1:1:1.
Potentiometric titrations were carried out with a MOLSPIN pH-me-
ter equipped with a Metrohm 6.0234.100 combined electrode. The
titrant was added from a Mol–AcS microburette. The electrode sys-
tem was calibrated by the method of Irving et al. [30] so that the
pH-meter readings could be converted into hydrogen ion concen-
tration. The water ionization constant (pKw) obtained was
13.75 ± 0.01.

The potentiometric measurements were used to find the stoi-
chiometry of species formed in solution and to calculate the
corresponding stability constants. In the equilibrium model the
metal-hydroxo complexes were included as well as their formation
constants reported in literature (Fe(III) [31], Ga(III) [32] and Al(III)
[33]). For data fitting analysis, the PSEQUAD computer program
[34] was used. These calculations included only the experimental
and results obtained before precipitation.
2.4. Spectrophotometric studies

UV–Vis measurements were performed for the ligands H2L1 and
HL2 as well as the corresponding Fe(III) and Ga(III) containing sys-
tems. The spectra were recorded using a HP 8453 spectrophotome-
ter equipped with 1.000 ± 0.001 cm matched quartz cells at 25.0 �C.
For free ligand measurements, ca. 6.5 � 10�5 M concentrations
were used. In the binary system metal-to-ligand (H2L1), molar ratios
range from 1:1 to 1:2, for CFe = 2.2 � 10�4 M and CGa = 3–
6 � 10�5 M. In the pH range from 0.8 to 2.0, the batch technique
was used. It means that the measurements were carried out on indi-
vidual samples in which the amount of KCl for 0.2 M ionic strength
(I) was partially or completely replaced by HCl. Therefore the sam-
ples were prepared changing the amount of HCl, KCl and H2O to ob-
tain the intended pH and 0.2 M ionic strength in a 2.5 mL total
volume. In the case of the ternary system, only the Fe(III) containing
system was measured on a 3 mL sample with CFe = 2.01 � 10�4 M at
1:1:1 metal-to-H2L1-to-HL2 stoichiometric conditions.

2.5. Partition coefficients

The ‘‘shakeflask” method was used to determine the partition
coefficient of the ligand in octanol/water (solution TRIS buffered
at pH 7.4) at 25 �C, as described in the literature [35]. Partition
coefficient represents the ratio of the ligand concentration in the
organic phase to that in the aqueous phase. The concentrations
in each phase were measured by UV spectrophotometry, using
the benzenoid bands (p–p* transitions at 280 nm) of the ligands.

2.6. NMR measurements

A Varian Unity 300 spectrometer was used for the 1H NMR mea-
surements. Sodium 3-(trimethylsilyl)-[2,2,3,3-D4]propionate (DSS)
was used as internal reference (d = 0 ppm) in D2O samples and TMS
in CDCl3 samples, to measure the chemical shifts (d/ppm). In case
of 1H NMR titrations, the pD of the samples was measured with
a Mettler Toledo U402-M3-S7/200 micro-electrode connected to
a Thermo Orion 420 A+ pH meter. The pD values were determined
from the equation pD = pH* + 0.40 [36].

2.7. Other measurements

A Leica Galen III hot stage apparatus was used to measure melt-
ing points. The solid state IR spectra (KBr pellets) were recorded in
a Bio-Rad Merlin, FTS 3000 MX FTIR spectrometer. The mass spec-
tra were carried out in a VG TRIO-2000 GC/MS instrument and the
elemental analyses were obtained in a Fisons EA1108 CHNF/O
instrument.

2.8. In vivo assays

The 67Ga-citrate injection solution was prepared by diluting
67Ga-citrate (Ga-67-MM-1; CIS Bio International, Gif–sur–Yvette,
France) with saline solution to obtain a final radioactive concentra-
tion of 5–10 MBq/100 lL. Animal experiments were carried out in
five separate groups of 3–5 female mice CD-1 (randomly bred
Charles River, from Barcelona, Spain), weighing approximately
25 g. The animals were intravenously injected with 100 lL (5–
10 MBq) of 67Ga-citrate via the tail vein. Afterwards, they were
immediately injected via intraperitoneal, as: (1) single injection
with 0.5 lmol of one ligand, IDAPipPr(3,4-HP)2 (H2L1) or Orn(3,4-
HP) (HL2), in 100 lL saline solution; (2) combination of two sepa-
rate injections of H2L1 and HL2 saline solutions, the molar ratio
H2L1/HL2 being 1:1, 1:10, 1:100 and 1:1000, respectively, but the
final concentration of both ligands was 0.5 lmol in 100 lL. After
administration of the ligands, the mice were maintained on a
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normal diet ad libitum. At 1 h and 24 h post-administration, the
animals were killed by cervical dislocation. The radioactive admin-
istered dosage and the radioactivity in the sacrificed animals were
determined by a dose calibrator (Curiemeter IGC-3; Aloka, Tokyo,
Japan). The difference between the radioactivity in the injected
and sacrificed animal was assumed to be due to excretion. Tissue
samples of main organs were then removed for counting in a gam-
ma counter (Bertyhold LB2111; Berthold Technologies, Bad Wild-
bad, Germany). Biodistribution results were expressed as percent
of injected dose per total organ (%ID/organ) and compared with
the previously reported biodistribution profile of 67Ga citrate. For
blood, bone and muscle, total activity was calculated assuming
that these organs constitute 7%, 10% and 40% of the total weight,
respectively.

3. Results and discussion

3.1. Synthesis of the ligand IDAPipPr(3,4-HP)2

The method used for the synthesis of the ligand IDAPipPr(3,4-
HP)2, N-(3-(4-phenylpiperazin-1-yl)propyl)imino-bis(acetyl(1-(3́-
aminopropyl)-3-hydroxy-2-methyl-4-pyridinone)), is represented
in Scheme 2. It involves standard methods with three main steps.
Firstly, the arylpiperazine was N-attached to the amine group of
the backbone, the iminodiacetic acid; then, the O-protected
hydroxypyridinone arms were coupled to the carboxylic groups
of the backbone; the final step was the O-deprotection of the
hydroxypyridinone. The synthesis of the mono-hydroxypyridinone
ornithine-derivative, 1-(4,4-aminocarboxyl-butyl)-3-hydroxy-2-
methyl-pyridin-4-one, Orn(3,4-HP) (HL2), was performed accord-
ing to previously described [20].

3.2. Acid–base properties of the ligand IDAPipPr(3,4-HP)2

In its neutral form, the ligand H2L1 has two dissociable protons,
which correspond to the pyridinone hydroxyl groups. HCl excess
was added to the sample solution to obtain the fully protonated
form of the ligand, with four extra protons in the N atoms: two
in the two pyridinone-N atoms, one in the imino group of the back-
bone and another one in the piperazine (the remaining piperazine
ammonium proton is too acidic most probably due to a H-bond
interaction).
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Analysis of the potentiometric experimental data, aided by the
SUPERQUAD program [37], enabled the calculation of the overall
protonation constants (logb) from which the values of the stepwise
protonation constants (logK) were obtained (see Table 1, which in-
cludes all the stepwise protonation constants and stability con-
stants for all the metal-ligand system in study and others
reported in literature [38–43], as detaily described and below).

Since the constants calculated from pH-potentiometric data are
macroconstants, they cannot be attributed to individual protonat-
ing groups, and so the attribution of the stepwise constants of IDA-
PipPr(3,4-HP)2 was aided by 1H NMR titration and analysis of the
chemical shift changes with the pH, as shown in Fig. 1.

Although overlapping of the various protonation/deprotonation
processes occur, from analysis of the chemical shift profiles along
the 1H NMR titration and its comparison with the chemical shifts
of some model molecules, the following protonation sequence
can be assumed: the first higher values (logK = 10.03 and 9.39)
are attributed to the protonation of the hydroxyl oxygens, and they
are in agreement with the first logK of the DMHP (Table 1). Both
constants present very similar values due to the symmetry of the
molecular structure and independency of the protonation pro-
cesses. In the 1H NMR titration curves, this process is illustrated
by the deviation to lower chemical shift of the peaks corresponding
to the aromatic hydroxypyridinone protons (peaks 11 and 13).
Concerning the third protonation constant (logK3 = 7.39), compar-
ison between this value and the corresponding one for PipPr(3,4-
HP) (logK2 = 6.68) [44] suggests that this constant should be as-
cribed to the protonation of the piperazine nitrogen. Analysis of
the titration curve profiles corresponding to the chemical shift
changes of the peaks 6 and 4 of the ligand molecule, evidences par-
allel upfield/downfield shifts, followed by reverse downfield/up-
field shifts, thus suggesting the existence of a simultaneous
competitive deprotonation/protonation process of the two nitro-
gen atoms of the piperazine ring, with a proton transfer between
these two atoms [44]. The monoprotonated form of the piperazine
ring may be stabilized from a chair-to-boat conformation change
(Scheme 3).

The following two logK values (3.74 and 3.01) correspond to the
protonation of both pyridinyl nitrogens, as evidenced by the
change of the chemical shift of proton 10, the aromatic hydroxypy-
ridinone protons (11 and 13) as well as a small shift in the singlet
corresponding to the pyridinone-methyl protons (peak 3). The pro-
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Table 1
Stepwise protonation constants (logKi) and partition coefficients (logP) at pH = 7.4 for IDAPipPr(3,4-HP)2, Orn(3,4-HP), IDA(3,4-HP)2, 3,4-DMHP ligands and ternary system, as
well as the global formation constants (logb) for their metal(III) complexes (M = Fe, Ga, Al), at I = 0.2 M KCl and T = 25.0 ± 0.1 �C; pMa values for these compounds and some other
relevant synthetic and biological ligands.

Ligands
(binary system)

LogKi Complex MpHqLr

(p,q,r)
Logb LogP

FepHqLr GapHqLr AlpHqLr

C N C
O

HN

O

NH

N
N

N N

OH
O O

HO

IDAPipPr(3,4-HP)2 (H2L1)

(2,�2,2) – – 30.6(4) �0.31
(2,3,3) 94.59(6) ca. 89.0(1) 79.6(1)
(2,2,3) – – 73.6(5)

10.03(1) (2,1,3) – – 66.3(9)
9.39(1) (2,0,3) – ca. 74 59.4(4)
7.39(1) (1,4,1) 37.79(1) – –
3.74(2) (1,3,1) 35.88(4) ca. 35.4(2) 31.77(7)
3.01(2) (1,2,1) – – 29.25(8)
2.38(2) (1,1,1) 32.51(9) ca. 29.8(3) 26.64(4)

(1,0,1) 29.69(6)b – 20.9(4)
pM 25.7c – 18.0

COO-

N

OH
O

NH2

Orn(3,4-HP)d (HL2)

(1,1,1) 25.01 23.72 21.12 < �2.00
(1,2,2) 46.20 44.86 41.10

9.85 (1,3,3) 65.68 64.46 59.64
9.01 (1,2,3) 57.72 55.93 51.09
3.83 (1,1,3) 48.43 46.46 41.74
1.35 (1,0,3) 39.42 37.32 32.36

pM 21.9 20.6 15.8

N
H

CC

HN

O

NH

O

N

O

OH

CH3 N

O

H3C

HO

IDAPr(3,4-HP)2e

(2,�2,2) 44.00 – 32.05 �1.72
(1,�1,1) – 18.23 –
(2,3,3) 89.53 84.97 76.64

9.94 (2,2,3) 85.54 80.16 71.72
9.44 (2,1,3) 79.90 74.64 66.21
5.42 (2,0,3) 74.26 68.44 60.18
3.54 (1,3,1) 33.59 33.21 30.44
3.11 (1,2,1) – – 27.71

(1,1,1) 31.16 28.83 25.37
(1,0,1) 26.16 24.30 20.35
pM 25.8 22.9 18.8

CH3

N

O

CH3

OH

3,4-DMHPf

(1,0,1) 15.10 13.17 12.20 �1.03
9.77 (1,0,2) 26.61 25.43 23.25
3.68 (1,0,3) 35.88 35.76 32.62

pM 19.3 19.4 16.1

DTPAg pM 24.6 20.9 15.2 <�2
DOTAg pM 24.3 18.8 13.2 <�2
Desferrioxamine (DFO)h,i pM 26.5 22.4 19.3 �2
Transferrin pM 20.3j 20.3k 14.5l –
Ternary system MpHqL1

r L2
s (p,q,r,s) FepHqL1

r L2
s GapHqL1

r L2
s AlpHqL1

r L2
s

(L1:L2:M3+) – (1,3,1,1) 56.81(8) – – –
(1,2,1,1) 54.30(7) – 46.37(9) –
pM 26.5 17.9 –

a pM = �log[M] with CL/CM = 10 and CM = 10�6 M; (p,q,r) means a species with stoichiometry MpHqLr;
b In this system, this species is not a ML species but probably a protonated mixed hydroxo-species MHL(OH).
c This pFe was calculated from extrapolation of the system to pH 7.4, admitting there was no precipitation at that pH value.
d Ref. [20].
e Ref. [17].
f Ref. [39].
g Ref. [40].
h Ref. [41].
i Ref. [4].
j Ref. [41].
k Ref. [42].
l Ref. [43].
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tonation of the iminodiacetyl tertiary amine is accompanied by a
change on chemical shift of the protons corresponding to peaks 8
and 5, which occurs at pH around 2. Therefore, logK = 2.38 can
be attributed to the protonation of the tertiary amine. Noteworthy
is the decrease of this constant, as compared with the correspond-
ing value (5.42) previously obtained for the N-unsubstituted ana-
logue, IDAPr(3,4-HP)2 (Table 1) [17].

The N-substituent has also a considerable effect on the lipo/
hydrophilic character of these IDA-derivatives; the arylpiperazine
derivative is less hydrophilic than the unsubstituted analogue
(see Table 1, which also includes the logP values reported for other
related compounds (e.g. 3,4-DMHP [39]).
3.3. Metal complexation of IDAPipPr(3,4-HP)2

The studies of the complexation of IDAPipPr(3,4-HP)2 with the
M3+ hard metal ions in aqueous solution were firstly performed
by potentiometry. However, the very low water solubility of the
formed complexes disabled the use of pH-potentiometric measure-
ments for the study of the Fe(III)- and Ga(III)-containing systems.
In the case of the Al(III)–ligand system, pH-potentiometric mea-
surements could be used because the precipitation occurs only at
pH > 7 (Fig. S1). The fitting analysis of the experimental data, ob-
tained before the precipitation, lead to the equilibrium model
which stability constants are presented in Table 1.

Because of the high molar absorptivity associated to the charge
transfer band of the Fe(III)–hydroxypyridinonate complexes, ca.
10-fold lower concentration could be used in spectrophotometric
titrations compared with the pH-metry. In the case of the IDA-
PipPr(3,4-HP)2/Fe(III) system, for samples with 2 � 10�4 M total
concentration of metal ion and at 1:1 and 2:1 ligand-to-metal mo-
lar ratios (Fig. 2), precipitation occurs at pH around 5, allowing the
spectrophotometric register of the charge transfer band up to this
pH. Because the complex formation starts at pH < 2, spectra were
recorded also at lower pH (Fig. S2), using the batch technique
(see Section 2 for the details).

In the case of Ga(III), no characteristic band belongs to the com-
plexes formed. However, using the highly intense UV-band of the
ligand, the effect of the Ga(III) on the ligand band in the whole
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measurable pH-ranged could be recorded spectrophotometrically
(concentration 100 times lower than that allowed in pH-metry).
Therefore, the ligand spectra changes due to its interaction with
Ga(III) could be measured as an indirect effect (Fig. S3).

Analysing the above detailed experimental data, the following
results were obtained for the metal complexes:

In the case of the Al(III)–containing system, analysis of the titra-
tion curves, obtained in the absence and in the presence of Al(III),
showed that for this system the complex formation starts at pH
around 2–2.5 (see Fig. S1). The first buffered region ends at pH
ca. 4 (at 4 and 5 base equivalents for 2:1 and 1:1 ligand-to-metal
ion molar ratios, respectively, as results of the deprotonation of
the three more acidic groups, plus the displacement of two protons
per metal ion), then the pH sharply increases. The new buffered re-
gion, starting at ca. pH 6, can be assigned to the deprotonation of
the non-coordinating piperazine nitrogen. This finding suggests
that the complexation (which is completed by pH ca. 4) occurs
via the two hydroxyl-pyridinonate groups. This suggestion is also
supported by the fact that the best fit of the titration curves was
obtained with the same equilibrium model as that for Al(III)-
IDAPr(3,4-HP)2. The corresponding stability constants are also
close to each other (Table 1).

For the Fe(III) system, the spectrofotometric data obtained at
1:1 stoichiometric conditions shows a shift of the kmax from
560 nm (pH 0.8) to 510 nm (pH 3.7) (see Fig. S2). The later kmax

and e ffi 3200 M�1 cm�1 are typical spectral parameters for bis-che-
lated iron-hydroxypyridinonates (the metal ion is coordinationed
with two hydroxypyridinonate groups) [38], with its maximum
concentration ca. pH 3.7. Under ligand excess conditions, the coor-
dination sphere can be completed and this can occur with the for-
mation of dinuclear species, Fe2HxL3 (x = 0,1,2,3, depending on the
protonation state of the non-coordinated N-piperazine), as indi-
cated by the blue shift in the kmax (from 510 nm at pH 1.8 to
460 nm at pH 5). However, the molar absorptivity
(e ffi 4300 M�1 cm�1) is somewhat lower than the characteristic va-
lue expected for tris-chelated species (e ffi 5800 M�1 cm�1) [38],
which might be caused by the appearance of some precipitate, as
also suggested by the increased baseline (Fig. 2). This precipitation
might be also responsible for the fact that the stability constants
could not be calculated for the dinuclear species involving the
deprotonated piperazine-amine group (Table 1).

To evaluate the spectrophotometric results obtained for the
Ga(III) system, the free ligand spectra was firstly analysed
(Fig. S3a). The fully protonated form of IDAPipPr(3,4-HP)2 has a
characteristic band with kmax at 276 nm and e ffi 18,000 M�1 cm�1,
while the corresponding values for the totally deprotonated form
are 310 nm and ca. 20,000 M�1 cm�1, respectively. The spectral
band observed at pH 4.8 with kmax at 280 nm and
e ffi 25,000 M�1 cm�1 can be ascribed to the H3L+ species that starts
to be red-shifted (to higher wavelength) with the deprotonation of
the hydroxyl pyridinone groups.

Comparative analysis of the spectra obtained for the IDA-
PipPr(3,4-HP)2/Ga(III) system and the free ligand (Fig. S3) showed
significant effect of the Ga(III) on the ligand spectra obtained in
the range of pH 1.2–8. Although the spectra could be registered,
the calculation of the stability constants for the complexes was
precluded. Some uncertain values could be obtained, but not for
all species, and the values present higher uncertainty than usual
(see Table 1). This may be attributed to the fact that only indirect
spectrophotometric effect of the complex formation can be regis-
tered and in the mathematical evaluation, the ligand spectra re-
corded in the absence and presence of Ga(III) ion are fitted.
Another problem is that only very low concentrations (3–
6 � 10�5 M) can be used. Moreover, the hydrolysis of Ga(III) ion
is quite favoured at such low concentrations, what can result in
some error (the hydroxo species with their fixed stability constants
[33] were involved into the equilibrium model, as detailed in the
Section 2).

Representative examples for concentration distribution curves
for the Fe(III) containing system are shown in Fig. 3.

3.4. Metal ion–IDAPipPr(3,4-HP)2–Orn(3,4-HP) ternary system

Since one ligand molecule (IDAPipPr(3,4-HP)2) can coordinate
the studied three-charged metal ion via its two hydroxypyridinone
chelating groups, saturation of the octahedral coordination sphere
of these metal ions and formation of tris-chelated species can lead
to the formation of polynuclear species. To obtain mononuclear
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tris-hydroxypyridinonate complexes, a ternary systems was
hypothesized, involving one metal ion, the bis-chelating IDA-
PipPr(3,4-HP)2 and the mono-chelating Orn(3,4-HP).

The metal ion–Orn(3,4-HP) binary systems were previously
studied [20] and the obtained species together with their stability
constants were involved (as fixed values) into the equilibrium
models of the ternary systems. All this data is presented in Table 1.

3.5. IDAPipPr(3,4-HP)2 and Orn(3,4-HP) binary system

Following the characterization of the binary systems, the possi-
bility of eventual ligand–ligand (IDAPipPr(3,4-HP)2–Orn(3,4-HP))
interaction in solution was firstly evaluated. For that propose, three
pH-potentiometric titration curves were performed at different
H2L1:HL2 molar ratios: (1:4), (1:2) and (1:1). The potentiometric
curves could be well fitted including only the pre-determined logb
values per each ligand. This suggests that, on the basis of the
potentiometric measurements, no acid–base interaction between
the two ligands could be detected. Spectrophotometric results
are also in agreement with that feature (Fig. S4). In fact, if we con-
sider the molar absorptivity of the two ligands at kmax 310 and
280 nm, take into account their concentrations and assume that
there is no measurable interaction between them, ‘‘theoretical”
absorbances for the binary H2L1–HL2 system (Abstheoretical) could
be calculated. Comparison between experimental and theoretical
values, obtained for the absorbance at 310 and 280 nm, the differ-
ence was only 0.022 and 0.020, respectively. This small difference
could be accepted under the experimental error and we could con-
clude that both measurements (the spectrophotometry and the
pH-potentiometric titrations) are in agreement and do not indicate
any ligand–ligand (IDAPipPr(3,4-HP)2–Orn(3,4-HP)) interactions.
Also the simultaneous 1H NMR titration of both ligands in the same
solution was in agreement with that finding, because the spectra
was just the sum of the two individual 1H NMR spectra.

3.6. Metal ion–IDAPipPr(3,4-HP)2–Orn(3,4-HP) ternary systems

To study the ternary system composed by both the ligands
(IDAPipPr(3,4-HP)2 (H2L1), Orn(3,4-HP) (HL2)) and the M3+ metal
ions (M = Fe, Ga, Al), pH-potentiometric titrations were performed
and, in case of Fe(III), a spectrophotometric titration at 1:1:1 stoi-
chiometric ratio was also carried out. Noteworthy is the fact that
the presence the ligand Orn(3,4-HP) in the ternary system resulted
in a slight increase in the solubility of the complexes in aqueous
solution, as compared with the binary metal–IDAPipPr(3,4-HP)2

system. Thus, measurements at higher analytical concentrations
became possible for the ternary systems with every metal ion. In
fact, for this system, precipitation occurs only at pH around 9,
whereas in the binary system it occurs below pH 2. As a conse-
quence, spectrophotometric, and potentiometric measurements
could be made. In these measurements, three different Me-
tal:H2L1:HL2 molar ratios were used (1:1:1, 1:1:2 and 2:1:4). Con-
cerning the Fe(III) system, there was precipitation in the 1:1:1
potentiometric titration at around pH 7, whereas the other two
titrations were performed without visible solubility problems.
Therefore, to study the Fe(III):H2L1:HL2 system, a spectrophoto-
metric titration was also carried out at 1:1:1 molar ratio.

Analysis of the spectrophotometric spectra obtained for the
IDAPipPr(3,4-HP)2/Orn(3,4-HP)/Fe(III) system (Fig. 4) indicates
that the monochelated complex starts to be formed at very low
pH (at pH 1.0, kmax = 560 nm). With pH increase, the spectra is blue
shifted, indicating the formation of the bis-chelated species
(kmax = 510 nm), between pH 1.0 and 2.5. At pH around 2.5 the shift
of the kmax from 510 to 460 nm starts, due to the formation of the
tris-chelated species (kmax = 460 nm).

Both spectrophotometric and pH-potentiometric data were
used to calculate the stability constants for the ternary complexes
(Table 1). Based on these values, concentration distribution curves
were also calculated and presented in Fig. 5. In this figure the kmax

values as a function of pH are also represented. From the results,
we can see that the complexation starts far below pH 1, and differ-
ent species co-exist below pH 2.5–3. Although the bis-chelated
species dominate at pH around 2, also the first ternary species,
FeH3L1L2, appears in measurable concentration. Most probably,
the coordination mode in this species involves three hydroxypyri-
dinonates moieties and the protons are expected to be at the amino
group of HL2, at the piperazine nitrogen and on the tertiary amine
of H2L1. Almost parallel with this species, the formation of FeH2L1L2

starts, becoming the predominated one by pH 4. Due to hydrolytic
processes starting at pH ffi 7, which seems to overlap the deproto-
nation process, the formation constants for the species FeHL1L2 and
FeL1L2 can not be determined. Anyway, subtraction of the logarith-
mic values of the two stepwise deprotonation constants from the
value calculated for the bis-protonated species (54.30 � 9.85 �
7.39 = 37.1; see Table 1) provides us a ‘‘theoretical value” for the
FeL1L2 and this is in agreement with those generally obtain for a
tris-hydroxypyridinonate Fe(III) complex [20,39].

In the case of Al(III), the formation of the tris-chelated species
started at higher pH than in case of iron (pH around 3), which
means that the first species to be formed is AlH2L1L2, because the
tertiary amine is already deprotonated.

Noteworthy is the fact that the results obtained for the calcu-
lated formation constants with those of the model ligands, namely
for the tris-chelated species formed with 3,4-DMHP and M(III) (see
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Table 1), are in very good agreement with those expected for the
coordination of three hydroxypyridinone groups to the Al3+ metal
ion.

For the Ga(III) system, only titrations with the higher excess of
HL2 relative to H2L1 (1:0.5:2) showed no precipitation. For the
other two stoichiometric conditions, the precipitation occurs at
pH around 3. However, since there are no actual results for the for-
mation constants of the H2L1/Ga(III) complexes, no reasonable fit of
the data could be obtained for the ternary system.

Anyway, comparison the pH-potentiometric titrations for the
ternary systems with all three metal ions, suggest the same coordi-
nation mode. The bis- and tris-chelated species are formed, in case
of Fe(III) and Ga(III) at lower pH than in case of Al(III) (pH 2 instead
of pH 3).

For comparison between the metal (M) chelating efficacy of the
ligands in study with those of some others with biological interest,
the corresponding pM values at the diluted conditions that prevail
in biological systems (pM = �log[M3+] for pH 7.4, at micromolar
concentration of the metal ion and 10-fold ligand excess) reported
in the literature are also depicted in Table 1. The bis-hydroxypyrid-
inone containing systems showed higher affinity than other cur-
rently used drugs for metal decorporation (DFP or 3,4-DMHP) or
for delivering 68Ga for diagnostic purposes (DOTA or DTPA) [40],
but somewhat lower affinity than that of deferrioxamine [4,41].

3.7. Biodistribution assays

To assess the effect of using a combination of these tetra- and
bis-dentate 3,4-HP ligands (H2Ll and HL2) for the metal decorpora-
tion and eventual coadjuvation effects, solutions containing these
ligands were administered to mice which had been previously in-
jected with 67Ga-citrate. This animal model was selected due to the
known similarities between gallium and the target metal ions (Al,
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Fe), namely in terms of physico-chemical properties and binding
interactions with 3,4-HPs and biological ligands [20,45], as well
as to the easy assessment of the metal content in the different
organs.

On a first assay, after administration of the radiotracer, three
groups of animals were respectively injected with H2L1 and HL2

and mixture of both ligands at 1:1 molar ratio. After 1 h adminis-
tration of the ligands, tissue distribution of the 67Ga was assessed
for the main organs of each group of animals, as well as for a sep-
arated group of control 67Ga-injected animals. The metal biodistri-
bution values are presented as percent of injected dose per total
organ in Fig. 6, together with the corresponding values previously
reported for 3,4-DMHP and HL2 [17].

These bioassays clearly demonstrate the ability of the chelat-
ing agents to complex in vivo and to eliminate the metal ion. In
fact, the radioactivity clearance from most organs and the rate of
excretion from whole animal body are enhanced, as compared to
those of 67Ga-citrate. A comparative analysis of biodistribution
data from the chelating agent H2L1, administered alone or com-
bined with HL2, shows an improved profile of the combined sys-
tem, namely on the excretion rate and the decrease of the liver
uptake. The relatively rapid total excretion suggests the urinary
tract as the main excretory route although a significant fraction
of radioactivity seems to be also eliminated by hepatobiliar
pathway, as indicated by the liver and intestines radioactivity
accumulation.

The combined chelation was further explored in vivo with H2L1

and HL2 at different dose proportions. The results of whole body
excretion and biodistribution on main organs are shown in Fig. 7,
for each dosage molar ratio. The use of different H2L1:HL2 ratios
was undertaken to clarify the effect related to the combined use
of the two ligands.

The fastest excretion rates are obtained with administration of
chelator combination cocktails, namely for the H2L1/HL2 molar ra-
tios (1:100 and 1:1000). This may be understood in terms of ther-
modynamics requirements for some competition between the two
chelators for the metal ion, to enable effective coadjuvation and
synergistic effects due to their complementary accessibility to dif-
ferent sites and organs. The radioactivity uptake in main organs,
such as liver and kidneys, presents considerable dose-percentage
dependence and suggests the coexistence of both excretion path-
ways, urinary and hepatobiliar.

The mechanism involved in the 67Ga-citrate accumulation on
disease site or normal tissue is not clearly known, although it has
been accepted that, as a Fe analogue, 67Ga can bind to serum pro-
teins, mostly transferrin (Tf) [46,47], and access to cells, eventually
through a Tf receptor, although the mediation of other proteins is
also admitted [42,48]. However, the gallium affinity for HL2

(pGa = 20.6) [20] and Tf (pGa = 20.3) [42] are very close, thus sup-
porting the existence of some eventual competition, an important
feature for chelation therapy.

From these studies we can conclude that, for the stoichiometric
conditions used in the combined system, there might be some
coadjuvating effect associated to the use of the mixture of two che-
lating agents with different physico-chemical properties (chelating
affinity, molecular weight, partition coefficient).

4. Conclusions

The chelating properties of a new bifunctional bis-hydroxypy-
ridinone towards three-charged hard metal ions (Fe, Al, Ga) have
been evaluated in solution and in vivo, alone or in combination
with a mono-hydroxypyridinone ligand, to explore potential coad-
juvating effects that could benefit the metal decorporation. The
complexation studies with the ternary system indicates the same
metal affinity but improvements on the solubility of the metal
complexes, as compared with the binary bischelating system, an
important feature for the metal complex excretion, upon seques-
tration. This might be due to the absence of polynuclear species
associated with M(III)-bis-hydroxypyridinone complexes but also
to the higher hydrophilicity of the amino-acid moiety of the
mono-hydroxypyridinone. The bis-hydroxypyridinone containing
systems showed somewhat lower affinity than that of deferriox-
amine but higher than other currently used drugs for metal decor-
poration (e.g. DFP) or for delivering of 68Ga for diagnostic purposes
(e.g. DOTA, DTPA). The results of the in vivo studies with 67Ga in-
jected mice show differences on the biodistribution profiles of
the radiotracer, upon the administration of each chelating agent
or their combination, which might be ascribed to an improved
accessibility of the ligands to different cellular compartments.



298 S. Gama et al. / Journal of Inorganic Biochemistry 103 (2009) 288–298
From these studies one can conclude that, for the stoichiometric
conditions used in the combined system, there might be some
coadjuvating/synergic effect associated to the use of the mixture
of the two chelating agents, namely when a big excess of the
mono- over the bis-chelator is used.
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