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Abstract

A considerable research effort has been made iditwvery and development of new chelating agémtsnedical applications,
including chelation therapy and diagnostic imagiaghniques. Herein, the chelating capacity of a empound, NTP/PrHR)
resulting from the attachment of three 3-hydroxpyidinone units in a nitrilopropionic acid skelatavas evaluated. Complexation
studies in the presence of metal ions, namelyualliand lanthanides, were performed by potentiometnid spectrophotometric
techniques and the stability constants and coatidmanodes of the complexes determined. NTP(PstdRYws high affinity for the
metals studied, forming 1:1 complexes (metal:ligaanttl also 1:2 complexes for the lanthanide iondPtaand Gd. The coordination
to the metal ion is done through the hydroxypyridia units and does not involve the nitrogen atoth@fskeleton.

Thein vivo studies of the radiocomplé¥Ga/NTP(PrHP) showed a good excretion of the compound after &4injection, with
almost all the radioactivity being cleared off framssues and organs. The studies performed on alliurg and lanthanide
complexes of NTP(PrHRpoint towards their potential use as contrast tsgendiagnostic techniques (PET, CG and MRI).

A series of N-functionalized bidentate 3-hydroxpyydinone chelators were also biologically evaddain terms of toxicity, DNA
interaction and capacity of altering cells morplyylmar membrane fluidity. It was found that nonettod compounds studied was
toxic, and by the contrary, some of them increakedcell viability, depending on the chemical aipiphilic properties associated

to the side chain.
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Introduction

Inorganic chemistry is giving a great contributido
medicine, namely associated to the research arelafeaent
of new drugs based in organic compounds that biethls
inside the organism or that are already boundedhémn
before entering the body. In the first case, thganic
compound can be used as a chelating agent inehartent
of serious pathological disorders associated withtain
overload in the body, like iron overload fnThalassemia; in
the second case, the metal ion is the form of aalfieet
complex that can be used as a diagnostic imagiegtag

The first chelating agent used for the treatmentrai and
aluminium overload was desferrioxamin®FO, a natural
siderophore produced by bacteria. Although, duistoral
inactivity and toxic side effects efforts were made in the
research of new and efficient chelating agériésth Fe and
Al are considered hard metals and therefore theye ha
affinity for hard atoms such as oxygen. Among th@® O
donor ligands, the hydroxypyridinones, especiaty t3-
hydroxy-4-pyridinones (3,4-HP), have demonstratégh h
affinity for hard metal ions in physiologic conditis,
because of their hydroxyl group @rtho position related to
the cetone group, forming a bidentade ligand an8-a
membered coordinating ring around the metal ione Th
importance of this class of compounds emerged Hfteuse
of 1,2-dimethyl-3-hydroxy-4-pyridinone (DFP) as a
therapeutic alternative to DEQIn fact, 3,4-HP are quite
stable under biological conditions and resistanbximation

or hydrolysis. Moreover, hydroxypyridinones can bé
functionalized in order to adjust some importantygito-
chemical properties, improving their biological igity and
promoting a lower toxicity of the compound.

Hydroxypyridinone complexes as diagnostic agents

The use of metal complexes in diagnostic imaginhn&ues,
including gamma scintigraphy (GC), Positron Emission
Tomography (PET) and Magnetic Resonance ImagiigRI)

is quite usual.

In particular, gallium radioisotopes are common$ed in GC
and PET techniques, due to their emitting radiafgamma or
positron emission) and appropriate half-lives. brctf this
Group Il metal has two radioisotope8'Ga ¢ emission,
t1,=78h) and®®Ga @* emission, #,=68m). Since Ga presents
similarities with Fe and Al, and is also consideagdard metal,

it can be coordinated by hydroxypyridinoh&&forming stable
hexacoordinated complexes in physiologic condifidris the
case of MRI technique, lanthanide ions are freqyented
because they induce the relaxation time decreaditiye water
protons around theéiincluding both inner and outer sphere
molecule’. Among the lanthanide ions, Gd is the most
considered one. In fact, there are Gd nine-cootéiha
complexes clinically approved as contrast atfeint this study,
the chelating capacity of a tri-functionalized sture (Fig. 1)
will be evaluated. This compound was obtained frtme
coupling of three aminopropil-HP units to a nitgfopionic
acid (NTP) skeleton, forming a strong hexadentagand
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(NTP(PrHP}) that functions like an anchor for the metal

i0n13’14'15.

Figure 1: Molecular structure of NTP(PrHR)

Potentiometric and spectrophotometric (UV) studies
NTP(PrHP) in the presence of Ga(lll) or a series of
lanthanide ions (La, Pr, Gd, Er and Lu) were penfed to
evaluate the physico-chemical properties of the pleres.
The lanthanide “contraction effect” was investighie order

to correlate the electronic density of the ion vifie stability

of the complexes formeth vivo assays were also made in
order to study the behaviour of the radiocompfé&a-
NTP(PrHP}, aimed for potential application in GC.

Hydroxypyridinones as anti-degenerative agents

All organisms and cells require essential elemesush as
transition metal ions (Fe, Zn and Cu) for their nakigrowth
and development. Iron is one of the most imporéerents,
participating in quite a variety of cellular evenfdthough
important, it's toxic when present in excessiveaartration.
In fact, the accumulation of iron in cells and sav®rgans,
like liver, pancreas and heart, results in dysfiemctand
death. Associated to the “free” iron in blood aisdues is the
formation of reactive oxygen species like hydrosatlicals
(oH"), through theFenton reactiolf. Once formed, these
radicals can initiate a metal catalysed protein dipal
oxidation and also both sugar and DNA interactiesulting
into tissue damage. On the other hand, Fentonioaawill
promote F& formation, which will reduce back to ¥e
throughreductive agents inside the cell, leaving an exoéss
oxidative species that will promote oxidative dameand
cellular death.

The diseases associated to iron overload are mgstigtic
(B-thalassemia or hemochromatosis), but there acecdlser
diseases related to the accumulation of iron ircifipecells
like brain cells, leading to neurodegenerative ists such
as Parkinson and Alzheimer disedeSince human body
doesn’t have any protective mechanism to overcoroe i
overload, chelation therapy can give a determinant
contribution to the prevention of the free radic@mage,
responsible for several pathological disorders. lgvhi
searching for new chelating drugs, several 3,4-ldRvdtes
were developéed, in which the ring nitrogen atoms were
modified to improve the biological response andidigh the
toxicity of the compound. Herein, a series of HRiwdges
(Fig. 2) were biologically evaluated in order toabyse their
toxicity in human neuroblastoma cells, their ailifor
changing the morphology of the cell or the membrane
fluidity, as well as their capability to interacttwDNA.
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Figure 2: Structures of the 3,4-HP derivatives, biologicaipluated
in this study.
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Results and Discussion

Acid Base Properties of the ligand

The log Ki values determined potentiometrically for
NTP(PrHP)} are summarized in table 1 and seem to be
according to the expected. In fact, the protonatiomstants for
the pyridyl nitrogen atoms (log;Ki=5-7) are very similar to
those found in the literature. For example, the mential drug
DFP and the compoundl) represented in figure 2 have
corresponding protonation constants of ?3.7and 3.3,
respectively, very close to the herein obtainediesl The high
acidity of the pyridinium proton is due to the d=déization by
aromatic resonance of the nitrogen pair of electrémthe case
of the values obtained for the hydroxyl protonat@mmstants
(log K;, i=1-3), they are also similar to those to DFP &by
since their protonation constant values are 10.0d 9.86,
respectively. This behaviour is common for all th&?
derivatives, once their protonation constants adependent
from the side chain groups Finally, the log kK value
corresponds to the protonation constant of theaapitrogen
of the NTP skeleton. Since this protonation cortsisr®.3G*
for NTP, probably there is the formation of hydrodmonds of
CONH---N type, between this tertiary nitrogen and #mide
groups, resulting in a higher acidity of the NTR{P}
protonation constant.

Table 1: Protonation constants (log)kof NTP(PrHP), global stability
constants of the correspondent gallium complexesX) and pGa

values.

HiL | logKi | MyHsL, | logpi | pGa’

HL | 9.946(9)

H.L | 9.8401

HZL o 091((92) 1,51 | 46.68(1)

3 .

1,31 | 42.98(3)

Hi | 6.77(1) 27.2
1,11 | 37.88(2

Hol | 3811 | 151 |33 0052;

HeL | 3.14(1) o :

HL | 2.76(2)

" pGa=-log[G&] (PH=7.4, G= 10°M, C,/Cy=10)

Analysis of the distribution species diagram (F3). of the
ligand as a function of pH shows that, for the wmd pH
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between 4 and 6, the most abundant specie,is (BI0%
formation) and for pH between 7.5 and 8.5 ik HH,L is the
monoprotonated ligand and corresponds to all thyeleoxyl
groups protonated and also the apical nitrogerthénHsL
specie occurs the deprotonation of the nitrogen.
physiological conditions, the solution is a mixtuyé 50%
H,L and 50% HL. The molar absorptivity values specified
in figure 3 and determined by spectrophotomettration of

the ligand, indicate that at 280 nm, botfitand HL species

At

compounds (table 2) that are used both in cheldtierapy or
diagnostic imaging techniques..

Table 2: pGa values for NTP(PrHPand other commercial

compounds.
Ligand pGa
NTP(PrHP); 27.2
EDTA™ 20.2
DFO* 22.4
DFP® 17.8

absorb and at 310 nm, the absorbent species coméso
the deprotonated ligand (L).
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Figure 3: Distribution species diagram of NTP(PrHRpgether
with the molar absortividades at 280 and 310 nm
(CL=5.35%x10°M).

Gallium complexation

The global stability constants of the BB complexes of
NTP(PrHP) were determined from spectrophotometric
titration of the 1:1 Ga(lll)/L system, for pt2 and pH>2.
The analysis of the speciation diagram of the gaili
complexes as a function of pkFig. 4 shows that the
complex formation starts at pH<2 thus suggestirag these
ligand has strong affinity for GHl). This diagram also
indicates that in the range of pH 2-3, the maircigseare
GaHiL (i=5, 3) and that for pH between 3 and 4.2HG
specie presents 90% formation. For pH 5, both Galdt
Gal coexist in solution and between pH 5 to 6 tekatral
GalL specie is predominant. After pH 6 there was a
precipitate formation which probably corresponds the

neutral GaL species.
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Figure 4: Distribution species diagram for the GAITP(PrHP})

system (G/Cy = 1, G = 5.3x10° M).

In relation to the absorptivity values at 278 a®® 2m also

represented

in figure 4,

it can be seen

that both

hexacoordenated complexes (GaHL and Gal) abso?B%t
nm and for 278 nm, the most protonated specie (Gald

the predominant one.

It's important to refer the higher pGa value for NPrHP},
commercially available

when

comparing with other

Biological Studies with®’Ga

Biodistribution and gamma imaging studies of the
radiocomplex®’Ga/NTP(PrHP) were performed in order to
evaluate is activity and possible application idiodiagnostic
techniques PET or SPECT. These results were kindlyighed

by Prof. Carlos Geraldes of University of Coimbrag(Fs).
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Figure 5: A - Biodistribution of*’Ga-NTP(PrHP)s, 30, 60 min. and 24h
after injection;B - Scintigraphic image obtained 24 h after injettid
[¥Ga]- NTP(PrHP)s.

Both biodistribution and gamma image studies madardhat
the main activity is found in kidneys and bladdehjch is the
excretion pathway for this hydrophilic complex. Thenall

fraction of activity located on the liver at 30 a@@ minutes is
possibly related with some liver uptake togethahwie blood
activity. In addition, almost all the radioactivityas cleared off
from tissues and organs after 24 h of the injecdod only
very slight deposition (ca 0.02 %) in the bone dwvek/spleen
could be observed, which may be related to a vegllsdegree
of demetalation.

Lanthanide complexation

The overall stability constants for the lanthanEmplexes
with NTP(PrHP} were determined by potentiometric titrations
and are summarized in table 3. These results iteditet for
all the lanthanides studied herein there was thé 1:
(metal/ligand) complex formation, resulting in thié;L (i=1-

5) species. However, for La, Pr and Gd, there was the
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formation of 1:2 complexes, MjH, and MHL,, but that
didn’t happen for the Er or Lu systems. This bebaviis
probably related to the ionic radius of the medasi Er and
Lu (EF* - 103 pm;Lu® - 100 pm) which are smaller
comparing to the other three, indicating that pugsihese
lanthanides don’'t coordinate with coordination nemb
higher then 6.

Table 3: Global stability constants of the lanthanide coempb with

NTP(PrHP).
Log ﬂMm HnLy '
(m,h,l)
La3+ Pr3+ Gd3+ Er3+ Lu 3+

(15,1) | 43.81(7) | 44.1(1) | 440(Q) | 431(1) | 44.77(5
(1,4,1) | 40.27(5) | 40.64(8) | 40.50(7) | 40.26(7) | 41.28(3)
(1,3,1) | 35.36(5) | 36.09(9) | 36.57(8) | 36.3(1) | 37.77(5)
(1,21) | 29.003) 30.80(8) | 31.91(8) | 32.43(5) | 33.68(4)
(1,1,1) | 23.44(4) | 25.31(7) | 27.10(7) | 27.42(5) | 29.64(4)
(1,5.2) | 63.60(7) | 65.6(1) | 66.7(1)
(1,32) | 50.0(1) 52.6(1) | 53.5(1)

2 This values were determined in the inorganic chgynlaboratory
of the inorganic chemistry, organometallic and giedl department
of Padova University, under the supervision of PRofDi Bernardo.

Figure 6 contains the potentiometric titration @sor each
Ln(ll1)-NTP(PrHP) system (1:1) as well as for the ligand
alone. The lanthanide titration curves give theofeing
informations: (i) the ligand has a significant affy for the
metal ions, due to the high change of the titrattomves
shape when comparing to the one without metal; tig
complex formation seems to starts at pH ~ 3 or @l3.c
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Figure 6: Titration curves for the ligand alone (curve a) anthe
presence of lanthanide ions in the 1:1 molar ratio.

The distribution species diagram for lanthanum eium is
represented in figure 7. From the analysis of the L
NTP(PrHP) system (Fig. 7A), it can be observed that in the
range of pH in study there are mainly four spedies
solution: MH,L, MHsL, MHsL, and MHL,. In the MH,L
specie, the metal ion is bicoordinated by one of th
hydroxypyridinone units. By the other hand, in théij
complex the metal becomes tetracoordinated andHih &l
the HP units interfere in the coordination to thetah ion,
forming a hexacoordinated complex. From pH 5 tth&re is
the formation of the 1:2 species and at the phggiol pH,

! This values were determined in the Inorganic Ckamlaboratory
of the Inorganic Chemistry, Organometallic and Atiahl
Department of Padova University, under the supemviof Prof.
Plinio Di Bernardo.

60% of the solution is composed by MH, in which the metal
seems to be encapsulated by the cavity formed thyllgands.
The behaviour found for the Pr and Gd systems asogious to
the one found for the lanthanum systems.
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Figure 7: Distribution species diagram for the systems: A —
La*/NTP(PrHP} (1:2); B - EF/NTP(PrHP} (1:1).

In relation to Er and Lu, which are located in tight end of
the lanthanide series, their behaviour is also vanyilar.
Therefore, only the Er(lll))NTP(PrHPR) system will be
analysed here (figureBj. In this case, there is a high formation
of the tetracoordinated specie MHn solution at the pH range
from 4 to 5, after which started the formation b tMHL
species.

One of the objectives of this study with lanthanioies, besides
their application as MRI contrast agents, was treuation of
the “lanthanide contraction”. For this reason, tbhes were
strategically chosen taking into account their poss
throughout this group of metals. Thereforgiya, versus r*
graph was created, in order to follow this lantdasibehaviour
in the presence of NTP(PrHPJFig. 8). The trend of the
logarithm of the stability constants of the comgiexMH;L,
MH,L and MHL is quasi parallel thus indicating that a
mechanism independent from the metal-ion-chargsitieis
responsible for the complex stability. Usually, tbgp versus
1/r paths follow a wavy trend: they increase foe tfirst
elements of the series, tend to decrease for tHdlenelements
and increase again for the heavier ones.

Similar behaviour was already interpreted as réfigachanges
in the solvation sphere of the ions during compiexa The
quastparallel trends suggest that no significant charigethe
solvation sphere of the metal ions occur when theva
complexes form.



4% PP - . 4 MHsL
Sl 6@ s oo MHL
= MH,L
S
= MH,L
D3
2% - MHL

R S *

25 P A

.-
20

084 0.38 082 096 1 1.04
1Ir

Figure 8: log Bumr. of the lanthanide complexes formed with
NTP(PrHP) versus T (ionic radius of the metal).

In the case of MEL and MHL complexes, their stability
constants increase significantly on going from ad.a. This
suggests the occurrence of a reaction, which igmi#gnt on
the acceptor charge-density, i.e., the lanthanida. i
Therefore, Lu(lll) has the higher charge densitgl @ns also
the one that forms more stable complexes. This dantbe
also confirmed by the potentiometric titration aes\Fig. 6),
which illustrate that the lanthanide affinity forhet
NTP(PrHP}) ligand depends considerably of the ionic radius
of the metal. For example, at pH ~4, five protone a
removed from the ligand due to the formation of the*,
Erf* and Gd* complexes, while the correspondent®La
complex only exist at pH ~ 6.

It is important to refer that in this systems, akappened
with the gallium(lll) system, there was a precifgta
formation after pH~7, that it is thought to corresg to the
neutral species ML.

Biological Studies

A series of bidentate 3-hydroxy-4-pyrydinone detiixes
were biologically evaluated in terms of toxicity, NB
interaction and capacity of altering cells morplyglioor
membrane fluidity. These ligands are metal chejatigents
that eventually could have potential applicatiorgirelation
therapy and diagnostic techniques.

The results are summarized in table 4. Compo@)dvas
synthesized from a DMHP unit, functionalized witm a
aminopropryl group in the nitrogen atom of the giyrone
ring. The main reason why he was synthesized setee as
an intermediate in the construction of more elateata
molecules. The toxicity results in human neurololiast cells
indicate that for all concentrations in study, tredues are
very close to 100% vitality, which means that timslecule
doesn’t induce any toxicity to the cells. It cascbe seen
that at the higher concentration (100uM) the %littds
lower. Since this compound is significantly lipolphilog P
octanol/water — 0.3, he can overcome the cell membrane
more easily. Therefore, at the higher concentratidnvades
the cell and can possibly interact with other moles, thus
decreasing the cell viability. The results of aatbrphology,
obtained from SEM in the presence of the compound,
showed that this parameter remained unchangedhancetl
culture was identical to the control cell culture.

The di-propargil derivat¢2) was strategically synthesized in
order to act as both chelating and anti-neurodagéue agent.
The propargil group is a MAO-B inhibittf an enzyme
responsible for the oxidation of Dopamine thus kreging the
symptoms of Parkinson disease.

The toxicity results fo(2) indicate that it is slightly toxic for
100uM concentration, however, at 10uM the cell Nigbis
almost 100%. In the SEM images obtained at 100uM
concentration, it can be seen a considerable nuofoeslls in
apoptosis (Fig. 9A), due to the toxicity associated this
concentration value.

Compound(3) is a sugar derivate and it was developed taking
into account a bifunctional strategy. The structurihat
incorporate a glucose unit are of great interesgt. (eeralex-G)
due to their reported specific interaction  with
hyperphosphorylated brain cell nuclear mafrixdisturbing
protein aggregation that lead to fibrilary tangtesmation. In
addiction to this behaviour, there is the potent&hotion of
Al/Fe accumulated in Alzheimer brafisBy the other hand,
this glucose group can interact with specific gke&o
transporters, over-expressed in certain tumourstyphus, the
corresponding radiocomplex ¢8) may find applications in
radiodiagnostic techniques. The toxicity analys@ this
compound indicates that it's non toxic. Another aatage of
(3) is the recognition of the carbohydrate by the gbeco
transporters in the cell membrane thus increasiagpassage
into the cell.

In relation to compounds tH@) and (5), these compounds are
alkyldiethylamine derivatives, a group already md to be
potentially recognized bysigma receptors which are over-
expressed by certain solid tum@rsTherefore, they can be
used as radiodiagnostic agents and also as chglatiants.
Both compounds didn’t show any toxicity in the celigl, even
at the highest compound concentration, the celbilfya was
~100%, comparing to the control. However, the qmgblem
associated to these compounds is that in physidbgi
conditions both exist in the monoprotonated formLH in
which the diethylamine group is protonated so theey be
some resistance to the passage through membranes. N
morphologic modifications were seen in the SEM iesag
obtained.

The next compound6), was obtained by functionalization of
the HP ring nitrogen with a 1,4-arylpiperazine grourhe
compounds bearing arylpiperazine groups are knamarget
serotonin (5-HTA) receptors having an important role in
psychiatric disordefd like Alzheimer diseag®

By the other hand, as in the case of the diethylangiroup in
compoundg(4) and (5), the arylpiperazine can be also easily
recognized by sigma receptBtsit's hydrophobic character
evidenced by an high partition coefficient (1')8andicates the
possibilities of favourable crossing through theda brain
barriet*. The vitality of the cells treated wii8) is quite high.
Actuality, it is the highest for this series of gomunds in study.
This results can be confirmed by the SEM imagesinét,
where it can be seen an increase in cell densitheftulture
treated with compoun¢b), comparing to the control (Fig. 9B).
The last compound of this series of HP derivativeder study
is a sulfonamide. In this case, the toxicity resutiveal some
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Table 4: Cell viability results for the series of HP dettives in study

Cell Viability (%0) in the presence of compound
componnds Cone. g0 | control 100 10 1 05 0.1 0.01 0.001
[§)) 100 95 +8§ 103+£13 103+5 109+ 16 9B +11 103 +13 109+5
2 100 85+4 96+ 14 87+11 93+13 90 + 14 90+ 12 90+ 10
3) 100 92+8 108+ 10 108+ 4 1056 110 10 99 + 12 105+8
[C)] 100 104+4 102+ 10 104110 106+ 9 105+9 108 +13 102+5
(5 100 101 +10 104+ 9 109412 108+13 102 £14 108 +11 105 +10
(6) 100 99+6 104£10 116+4 115+13 111+2 11753 1205
(@] 100 70+2 102+3 103.0+£0.3 102+£2 118+4 113+ 4 112+£3

decrease in cell viability at 100puM concentratiofhe
correspondent vitality value is the lowest of thésies, i.e.,
70 + 2. The fact that at physiological conditionse t

variation in the membrane fluidity after the treatrhwith (1),
(3) or (5), when comparing with the control (liposomes with
water). In fact, the lipidic transition temperatusmained the

compound exists under the,lH monoprotonated form can same (23°C) for all the three experiments. This tatpre is
respective membrane crossing. This specific for each type of phospholipids present the
behaviour could be identified when observing theMSE membrane, corresponding to 23°C for DMPH.

interfere in

images, since there was a decrease in cell deasdyalso

the

the presence of some cells in apoptosis.
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»
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Figure 9: SEM images obtained from the neuroblastoma cells

X500 sogm 0004 ethanol

X500 Soim 0004 ethanol

treated with:A — compound?2); B - compound6). (C=100uM).

Interaction tests with DNA of neuroblastoma cellsated
with the compounds in study were also performede Th
results indicated that no modification of the DNAcarred,
which is in accordance with the non toxicity shoimnthe

viability tests.

In an effort to further investigate the interactiohsome of
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Figure 10: Fluorescence anisotropy curves of the DMPC/DPH
liposomes in the presence of compoufids(3) e (5).

the compoundg({), (3) and(5)) of the HP series under study Liposomes are considered important vehicles of rotatl

with  the membrane,
performed on liposomes (a model of cell membrafte) the
addition of 100uM of compound. The results are gmé=d in

figure 10.

The liposomes were composed byiiDMPC phospholipids.
DPH is a fluorescent probe that intercalates predantly
between the acyl chains of fatty acids in the memér

hydrocarbon core.

Fluorescent dyes represent a useful tool for therggnation

of membrane dynamics.
In this case, the fluorescence anisotropy valuesaied no

anisotropy measurements were delivery of drugs or biological active substangesde the cell.

On the other hand, they have enhanced ability ¢dorporate a
large variety of compounds, both hydrophilic andimphobic.
Therefore, since these compounds do not interath thie
liposome membrane, they may be potential candidatethis
type of transport into the cell.

Final considerations
Since NTP(PrHR)was synthesized through a “target-ligand”
approacf, it exhibits both polydenticity and N-derivatizai



in order to obtain an enhanced chelating efficaoy a
molecular recognition, respectively.

The complexation studies with Ga(lll) and this figa
revealed the formation of GgH GaH;L, GaHL and GalL
species in aqueous solution, with stability constan
considerably high. In fact, the pGa value for GaAHTrHP}
system is greater than that of other commercialpmmds,
including EDTA, DFO and DFP, suggesting a high atieg
efficiency of this hexadentate ligand towards gafli On the
other hand, biodistribution studies of tA&a/NTP(PrHP)
radiocomplex, showed that no accumulation occuaad
besides the fact that it was excreted through iiteelys, after
24h of injection, no radiation trace of the compleas found
in the organism. Therefore, these studies indictite
potential application of NTP(PrHP)in radiodiagnostic
techniques (GC and PET).

Regarding the complexation of lanthanides by ttgarid, it
was found that for the metal ions La, Pr and Gdamdy the
1:1 complex was formed in aqueous solution, bub dl
complexes. However, this behaviour was not obsenvegr
or Lu systems, for which only 1:1 species were gmesThis
fact is due to the smaller ionic radius of thest tevo metal
ions, when compared to those of La, Pr or Gd. speet to
the affinity of NTP(PrHP) by the lanthanides, it can be seen
that it is smaller then in the case of gallium,csinthe
complex formation starts at pH ~3, while in the ecaxf
Ga(lll) it starts at pH less then 2. This is prdyatelated to
the fact that lanthanide ions are weaker Lewissadltls less
competitive than the protons, for the oxygen atoms.

At physiological pH, for M/INTP(PrHR)systems (M=La, Pr
and Gd) existed the M specie while in the case of Er and
Lu, the MHL specie. In these type of complexes, iital
can eventually be coordinated to water moleculesiefore
improving the complex ability to act as MRI contragents.
This is an interesting hypothesis, although mougliss are
necessary to prove this theory (eg. X-ray strusfurd@he
relation between the contraction effect of theHanides and
their affinity for NTP(PrHP) pointed to an increasment of
the stability constants for the MH and MHL species with
the decreasing of the metal ion ionic radius. Tioeeg once
Lu is the smaller and also the higher density drig,also the
metal ion that forms the greater stability comptexéth the
ligand.

The series of biological evaluated HP derivatives stable
structures and both hydrolysis and oxidation rasistwhich
in combination with a high chelating efficiency, kea them
potential chelating agents for hard metal ions ke Al or
Ga. These compounds were strategically extra-fanatized
in order to obtain specific characteristics in terrof
lipophilicity and protein interaction, among othets was
seen that none of the ligands studied herein vesie for the
cells or altered their morphology. However, for mas
them, at the higher concentration tested, i.e. |10 the cell
viability decreased.

The fragmentation and interaction studies with DMAthe
compounds presence, together with
anisotropy measurements, showed no modificationthén

the fluorescence

nucleic acids and also no change in the liposomesbmane
proprieties or structure.

Hence, these biological results seem to demondtratedue to
the non toxicity of this series of bidentate compas they
could be potential chelating agents, eventuallyngcalso as
anti-oxidant and/or anti-neurodegenerative compsund

Experimental section
Solutions

A solution of 4.16x18 M G&"* was prepared in HCI 0.1M (to
prevent hydrolysis), from the respective galliumt sand
standardized by inductively coupled plasma emisgi@P).
The exact concentration in HCl was determined hatidn
with a 0.1 M HCI (Titrisol). The titrant was prepar from a
carbonate-free  KOH commercial solution (Titrisol)nda
standardized by titration with a potassium hydrogéalate
solution. This solution was discarded wheneverpleentage
of carbonate, determined by the Gran metfodias higher
than 0.5% of the total amount of base.

The lanthanide solutions: £a PrP*, G, EF* and L&* were
prepared dissolving approximately 1.2 g of the egpondent
lanthanide oxide (Aldrich, > 99% pure) in 7.36 miLHCL 1M
and 25 mL of distillated water. The solution wasstl until all
the solid was solved and then heated. A part ofnthier was
evaporated in order to obtain a more concentratddtisn
before it was filtered. To determine their exacha@ntrations,
these solutions were titrated with a 49.7 mM EDDBAuEonN.

Gallium complexation
Potentiometric titrations

A Crison Microph 2002 pH meter was used togetheh it
Metrohm 6.0133.500 glass electrode and a Orion (8040
Ag/AgCI reference electrode. The titrant (0.1M KOmps
added with a Crison microBU 2031 burette. All the
potentiometric measurements were carried in thetated
solutions at (25.0+0.1)°C and ionic strength 0.1MCIK
Atmospheric CQ was excluded from the cell, before and
during the titration, by passing purified Hcross the top of the
solution inside the reaction cell. The cell ligat@hcentration
(V+=20 mL), in the presence or absence of the metaias
0.02 mmol (14.5 g), a low concentration to delagcppitation
of the neutral ML species.

First, the ligand was titrated alone in order tdcalate the
protonation constants and 4.5 equivalents of aecevadded to
the medium.

The measurement of the electromotive force of #ikeatlowed
the calculation of [F], using the values of%and Q previously
determined. The value of Kused in the computations was 10
13,77

The complexation studies were performed in the gires of
gallium 1:1 (metalligand), for the stability coasts
determination. Since complex formation startedHd, it was
also necessary to carry out spectrophotometratitins.

Spectrophotometric titrations
The electronic spectra of NTP(PrHRnd Ga(lll) complexes,
in aqueous solution (I=0.1M KCI) were obtained fre trange



250-400 nm (UV), using a Perkin-Elmer Lambda 9
UV/VIS/NIR spectrophotometer with a thermostated let

at (25.0+0.1)°C by using a Grant W6 thermostat Armm
quartz cells. The titrant (0.1M KOH) was added wih
Crison microBU 2031 burette and the pH was measuitéd w

a Crison Microph 2002.

The measurements were done with a concentratidigasfd

in the cell of 1.22x18M and 0.1M KCI ionic medium. The
titrant (0.1M KOH) was added to the ligand solutiso that

the increase of pH was ca 0.4 units. The absorbance
measurements were done in the absence of metal for
2<pH<10, after which the same procedure was dorthen
presence of Giin a 1:1 molar ratio. The measurements for
pH<2 were also performed, in the presence (1:1) asdrate

of the metal ion. For these titrations, the amafrecid to be
added, from standard solutions (0.1 or 1M HCI), was
calculated in order to adjust the pH and obtaircifigepH
values (0.8, 1,1.2,1.4, 1.6 and 1.8).

Biodistribution studies and gamma imaging

The complex {Ga]-NTP(PrHP) was prepared by dissolving
1g of ligand in HEPES (200 pL, 0.1M, pH 5) and &ddi of
1mCi (1Ci=3.7x10'°Bq) of [*'Gacitrate. The radiochemical
purity of the final product was higher then 98%.

Animal experiments were carried out with groupdaafr to
six animals (Wistar male rats) weighing approxirhag90g.
For the biodistribution studies, animals were atmtized
with Ketamine (50mg/ml) /chloropromazine (2.5%) :@)0
and injected in the tail vein (biodistribution at B) or in the
femoral vein (early biodistribution studies and gimay) with
100-pCi of the radiochemical and sacrificed 30 m6@. min.
and 24 h later. The major organs were removed, heig
and counted in @ well-counter. Thén vivo gamma imaging
was carried out on a gamma camera-computer sySBHn (
400 GenieAcq, from General Electric, Milwaukee, WI,
USA). The animals were positioned in dordetubitusover
the detector. Image acquisition was initiated imiatedy
before the radiotracer injection. Sequences of ib&fgens
were acquired to 64x64 matrices. In addiction stakhta
were acquired 24 h after the radiotracer injection.

Images were subsequently processed using an IDedbas
program (Interactive Data Language, Research Systems
Boulder, CO, USA). In order to analyze the transpmfrt
radiotracer over time, three regions of interest I[jR@ere
drawn on the image files, corresponding to theakpliver
and left kidney. From these regions, time-activityrves
were obtained.

Lanthanide complexation
Potentiometric titrations

A pH AMEL model 338 pH meter was used together with
Metrohm 6.0259.100 combined electrode, incorporaiid

a Ag/AgCl reference electrode. The titrant (KOH) vaalsied

with a Metrohm 765 Dosimat burette. All the potenietric
measurements were carried in the same experimental
conditions previously described for Ga(lll) commérn
studies.

The several lanthanide solutions (La, Pr, Gd, Ef lam) were
titrated with a 51.71 mM KOH solution, in order ¢alculate
their exact concentration of acid. The ligand aretaligand
solutions were titrated with a 51.37 mM KOH solatiand a
cell ligand concentration (¢ 5 mL) of 1.040 mM. Titrations
1:1 and 1:2 metal-to-ligand molar ratios were penied.

The value of K, used in the computations was$¥3®

Calculation of the equilibrium constants

The ligand protonation constants,;=fH;L]/[H,L][H], were
calculated by fitting analysis of the potentiomettitration
curves of the ligand with the HYPERQUADprogramme.

In the gallium complexation studies, the spectra toé
protonated species and overall metal complex (&tabpility
constantsymunu=[MmHNLI/[M] "[H]"[L]', were determined by
adjusting the absorbance spectra obtained from
spectrophotometric titrations at different pH vaueith the
PSEQUAD? programme.

In the lanthanide systems, the overall metal comptability
constants were determined by treating the datairsutarom
the potentiometric titrations with the HYPERQUAD gram.
In this case, the stability constants of the 1:&glexes, were
determined after the calculation of 1:1 stabilipnstants, by
holding them constant and, as the last step, allstability
constants were refined together.

The hydrolytic species of the metal idhsvere considered in
the calculation of the stability constants and #peciation
curves were plotted with the HYSS progranimeThe
estimated errors are the standard deviations adedcio the
stability and protonation constants, given by tmegpam for
the input data.

the

Biological studies

Chemicals

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetcdizim
bromide (MTT), absolute isopropanol, chloridricdailimethil
sulfoxide (DMSO), ethidium bromide, 1,6-diphenyBhb-
hexatriene (DPH), dimyristoyl phosphatidylcholi-n@.-o-
DMPC) and TRIS buffer, were all purchased from Sigma-
Aldrich.

Cdll cultures

SH-SY5Y human neuroblastoma cells were purchasenh fr
ECACC (European Collection of Cell Culture, Salisburik)U
The cells were maintained in Dulbecco’s modifiedglEs
medium (DMEM/F12 (1:1); Gibco), with 15% (v/v) féta
bovine serum (FBS; Sigma-Aldrich), 0.1% of antibisti
(100units/mL penyncilin + 100pg/mL steptomicin; G, 1%
of non-essencial aminoacids (NEAA; Sigma-Aldrichida
maitaned at 37°C with 5% G@ a humified atmosphere (90%
humidity). The medium was replaced every 2 day25%.
trypsin-EDTA solution and phosphate buffered sal{P8S)
were obtained form Sigma-Aldrich.

Cell viability assay

MTT assay was performed with SHSY5Y cells platetb@6-
well plates (at a density of 8x46ells per well and a limit of
120pL medium containing 15% FBS per well). The dégra
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this plating, the culture medium was replaced wlith same
medium with 2% FBS, containing one of the compounds
studied (Fig. 2) at concentrations: 100, 10, 1, 0.%, 0.01
and 0.001 uM. The cells were incubated for 24h after
that, 12 pL of a solution 5 mg/ml MTT was addedetxh
well. The incubation continued for an additiondh,3he end
of which MTT solution was carefully decanted offnda
formazan was extracted from the cells with 110 fibadic
isopropanol (0.04M HCI in absolute isopropanol) iacke
well®*. Colour was measured with a 96-well ELISA plate
reader (Microplate SPECTRAmax® at 550 nm). All MTT
assays were repeated nine times.

Scanning Electron Microscopy

SH-SY5Y human neuroblastoma cells were seededgiass
cover slips and treated with compound (Fig. 2) @Gd uM
concentration for 24 h. Note that as the solverg water ,
ethanol or DMSO, the % of compound in the mediuns wa
4%, 2% and 0.2%, respectively. After this incubatithe
cells on glass cover slips were fixed with formalgde pH
7.4 and dehydrated in a graded ethanol series., Tiven
samples were critical point dried with @ an HCP-2
Hitachi 2 Critical Point Dryer and gold-coated for
examination under a JEDL JSM-6490 scanning electron
microscope, at the 10, 20 and @@ resolution. The working
pressure was 10Torr and the temperature was 5°C.

DNA Interaction

SH-SY5Y human neuroblastoma cells were seeded 2Hito
mL bottles and treated with compound (Fig. 2) ad LM
concentration for 24h. Note that as the solvent water,
ethanol or DMSO, the % of compound in the mediuns wa
4%, 2% and 0.2%, respectively. After this incubatithe
cells were transferred into 1.5 mL ependorf’s aoden. In
the analysis laboratory, the cell membrane wasragsd
adding a surfactant solution, after which the callere
centrifuged over 1h30. A solution of ethanol wasdetiand
the content of each ependorf filtered, in ordeoltain only
de DNA molecule. The polymerase chain reaction (PCR)
(Taq polymerase enzyme) was performed over the BNA
amplify thep-Globin gene, in &hermal Cycler model PTC-
100 MJ Researctequipment programmed for: 1 minute at
90°C, followed by three cycles of one minute eacB4at55
and 72°C, respectively and ending with 5 minuteZ2acC.
After the PCR reaction, an agarose gel electroproreas
run at 90 volts of electric current. The gel wasviusly
prepared by adding 3g of agarose, 100 mL of acétatffer
and 20 pL of ethidium bromide.

Fluorescence anisotropy

The stock solution of fluorescent probe DPH waspared

by dissolving the probe in absolute ethanol (ET@Ggma
Aldrich) at a final concentration of 2 mM. As a mamane
model, liposomes were used, produced in the laborand
composed by le-DMPC phospholipids, in a TRIS buffer
(0.1M, pH 7.4). The stock solution of phospholipidas
prepared in aqueous solution at a final concentmadf 21.1
mM. The fluorescent liposomes were formed at the

temperature 35°C by the slowly injection of DPH &MPC in
TRIS buffer. The final concentration of DPH and DMR@s
1uM and 1.6 mM, respectively. For this type of gitadipids,
the CMC temperature is 21°C. Subsequently, the lipesom
were treated with the compounds), (3) and (5) at a final
concentration of 100 puM. The fluorescence intensitythe
solutions in the coveut was measured in a PerkineELS-50
spectrophotometer, incorporated with a HAAKE DC3
thermostat and an automated polarization accegsakin-
Elmer, Monza, Italy). The fluorescence anisotropyasw
followed over a growing scale of temperatures dmaléctures
done at 5, 10, 15, 18.5, 19, 21, 23, 27, 30 e 3BRE excitation
and emission wavelengths for DPH were 360 and 5#0 n
respectively. The fluorescence anisotroffy was obtained
from the fluorescence intensities para(lg) and perpendicular
(I,y) to the direction of polarization of the excitatitight using
the following equation (Van der Me&t)r =(1,, = 1G) / (Iw +
21,,G), whereG is an instrumental correction factor.
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