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Polynuclear Pd(II) complexes with biogenic polyamines present great potential clinical importance, due to
their antiproliferative and cytotoxic activity coupled to less severe side-effects. The adsorption process
and the redox behaviour of two polynuclear palladium chelates with spermine (Spm) and spermidine (Spd),
Pd(II)–Spm and Pd(II)–Spd, as well as of their ligands Spm and Spd, were studied using atomic force
microscopy (AFM) and voltammetry at highly oriented pyrolytic graphite and glassy carbon electrodes. AFM
revealed different adsorption patterns and degree of surface coverage, correlated with the chelate structure,
concentration of the solution, applied potential and voltammetric behaviour of the Spm, Spd, Pd(II)–Spm and
Pd(II)–Spd systems.
The voltammetric study of Spm and Spd showed that these biogenic polyamines undergo an irreversible and
pH-dependent oxidation. In acid medium the polyamines are fully protonated, rendering their oxidation more
difficult. With increasing pH the oxidation potential for both Spm and Spd is shifted to less positive values,
indicating a greater ease of oxidation in alkalinemedium. The Pd(II)–SpmandPd(II)–Spd complexes dissociate at
high negative or high positive potentials. The application of a positive potential induced the oxidation of these Pd
complexes and the formation of mixed layers of palladium oxides, Spm/Spd and Pd(II)–Spm/Pd(II)–Spd.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Thebiogenic polyamines spermidine (Spd,H2N(CH2)3NH(CH2)4NH2)
and spermine (Spm, H2N(CH2)3NH(CH2)4NH(CH2)3NH2)) are organic
bases comprising three and four atoms of nitrogen respectively,
separated by linear alkyl chains which act as variable length linkers
between the amine units [1]. Scheme 1 shows the structures of these
polyamines as dications (physiological form). However, several con-
formers are possible at room temperature, due to the presence of
multiple ionisation sites and the occurrence of intramolecular H-bonds
(namely NH … N) [2]. These compounds are present in all eukaryotic
organismsandare essential for cell proliferation anddifferentiation (both
in normal and malignant cells) [3,4]. Owing to their polycationic nature,
polyamines influence the conformation of many biological macromole-
cules (e.g. nucleic acids), through electrostatic interactions with specific
anionic sites such as the negatively charged phosphate groups of DNA
[5,6].

With the aim of finding novel antineoplastic therapeutic strategies,
polyamineshavebeen considered for thedevelopment of newanticancer
drugs, having been used as polydentate ligands in polynuclear metal
uldade deCiências e Tecnologia,
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chelates, a third generation class of anticancer agents with specific
chemical and biological properties [7–16]. In fact, the presence of more
than one metal centre in these complexes allows them to bind more
effectively toDNA, being considered as promising alternatives to cisplatin
(cis-dichlorodiammineplatinum(II), cis-Pt(Cl2(NH3)2) that displays a
well known anticancer activity but also deleterious toxicity and
developmentof resistance [16–18]. In polynuclear polyamine complexes,
the flexible linear amine ligands, particularly Spm and Spd, may form a
molecular scaffolding due to the presence of the cationic groups located
at regular intervals within the molecule, thus enabling a selective, non-
conventional, interaction with the electronegative groups of DNA.

In a rational approach for the development of improved antineo-
plastic agents, not only the ligands but also the metal centres have
been varied. Substitution of platinum by palladium, for instance,
has been one of the strategies reported in a number of studies
[7,8,12,19–22]. The first results obtained for Pd(II) complexes have
evidenced a quite low antitumour activity, attributed to the high
lability of the Pd(II) centre (as compared to the analogous Pt(II)
complexes [23]) and possible deactivation by reaction with biomo-
lecules other than DNA (mainly S-containing compounds), which can
result in a quite reduced bioavailability of the drug at the molecular
target and a consequent decreased activity. However, the increasing
use of chelating ligands (e.g. N-containing donors) has been shown to
lead to a marked decrease of the Pd(II) complex lability [7,8,24,25], as
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Scheme 1. Molecular structures of the polyamines spermidine (Spd) and spermine
(Spm). (N-protonated species, predominant at physiological conditions).
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well as to a shift of the cis–trans equilibrium towards the formation of
the cis isomer. Furthermore, theuse of ligandswith significant biological
activity and affinity for DNA may also provide specific and improved
antitumour activity, sometimes even higher than that measured for
cisplatin [7,26]. Several cationic polynuclear Pd(II) chelates comprising
two or three cisplatin-like moieties linked by variable length aliphatic
polyamines, have recently beenassessed as to their antiproliferative and
cytotoxic effects towards several human cancer cell lines [11,13,14,21],
and this activity has been related to their conformational preferences
at physiological conditions [27,28]. In fact, the understanding of the
mechanisms of action of these metal-based agents is essential for the
establishment of structure-activity relationships that will enable a
rational design of new and improved anticancer drugs.

The present paper is the first report of a voltammetric and atomic
force microscopy (AFM) study of two polynuclear Pd(II) complexes,
with Spm and Spd as polydentate ligands. Pd(II)–Spm is a dinuclear
2,2/c,c chelate of general formula (PdCl2)2Spm, that contains one
tetraamine ligand (Spm) acting as a linker for both metal centres,
yielding two identical six-membered intramolecular rings in a trans
orientation relative to each other. Pd(II)–Spd is a trinuclear 2,2,2/c,c,c
Pd(II) chelate of general formula (PdCl2)3(Spd)2, comprising two Spd
units as bridging ligands between the three metal centres.

The process of adsorption of Pd(II)–Spm and Pd(II)–Spd, as well as
of their ligands Spm and Spd, was studied on a highly oriented
pyrolytic graphite (HOPG) electrode using magnetic AC mode atomic
force microscopy (MAC Mode AFM). Direct electrochemical oxidation
of the biogenic polyamines Spm and Spd at a glassy carbon (GC)
electrode has also been performed without the use of mediators, by
cyclic voltammetry (CV), differential pulse (DP) and square wave
(SW) voltammetry over a wide range of pH.

2. Experimental

2.1. Materials and reagents

Spermidine and spermine were purchased from Sigma-Aldrich and
kept at 4 °C. Solutions of either Spmor Spdwere freshly prepared before
each experiment by dilution of the appropriate quantity in the
supporting electrolyte. The supporting electrolyte solutions used
were: pH 4.5 and 5.1 0.1 M acetate buffer, pH 5.9, 7.0 and 8.0 0.1 M
phosphate buffer and pH 8.5, 9.8 and 11.1 0.1 M ammonium buffer.
Pd–spermine (Pd(II)–Spm or (PdCl2)2Sp) and Pd–spermidine
(Pd(II)–Spd or (PdCl2)3(Spm)2) were synthesised in the Research Unit
“Molecular Physical-Chemistry”, Coimbra, Portugal, according to
published procedures [9,10], with slight modifications. Solutions of
either Pd(II)–Spm or Pd(II)–Spd were freshly prepared before each
experiment by dilution of the appropriate quantity in pH 7.0 0.1 M
phosphate buffer. All solutions were prepared using analytical
grade reagents and purified water from a Millipore Milli-Q system
(conductivity≤0.1 µS cm−1).

Nitrogen saturated solutions were obtained by bubbling high
purity N2 for a minimum of 10 min through the solution and a
continuous flow of pure gas was maintained over the solution during
the voltammetric experiments.
Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc., Woburn,
USA). The pH measurements were carried out with a Crison micropH
2001 pH-meter with an Ingold combined glass electrode. All
experiments were done at room temperature (25±1 °C).

2.2. Atomic force microscopy

HOPG, grade ZYB of 15×15×2 mm3 dimensions, from Advanced
Ceramics Co., USA, was used as a substrate in the MAC Mode AFM
study. The HOPG was freshly cleaved with adhesive tape prior to each
experiment and imaged by AFM in order to establish its cleanliness.

AFM was performed with a PicoSPM controlled by a MAC mode
module and interfaced with a PicoScan controller from Agilent
Technologies, Tempe, AZ, USA. All theAFMexperimentswere performed
with a CS AFM S scanner with a scan range of 6 μm in x–y and 2 μm in z,
from Agilent Technologies. Silicon type II MAClevers of 225 μm length,
2.8 Nm−1 spring constants and 60–90 kHz resonant frequencies in air
(Agilent Technologies) were used. All AFM images were topographical
and were taken with 256 samples/line×256 lines and scan rates of
0.8–2.0 lines s−1. When necessary, MAC Mode AFM images were
processed by flattening in order to remove the background slope
and the contrast and brightness were adjusted. Section analyses were
performed with PicoScan software version 5.3.3, Agilent Technologies,
and with Origin version 6.0, Microcal Software, Inc., USA.

2.3. Voltammetric parameters and electrochemical cells

The voltammetric experiments were performed using an Autolab
running with GPES 4.9 software, Eco-Chemie, Utrecht, The Nether-
lands. CVs were recorded at scan rates of 50 and 100mVs−1. The DP
voltammetry conditions were: pulse amplitude of 50 mV, pulse width
of 70 ms, step potential of 2 mV and scan rate of 5mVs−1. SW
voltammetry conditions were: frequency of 8 Hz, amplitude of 50 mV
and a potential increment of 2 mV (effective scan rate of 15mVs−1).

Measurements were carried out in a 0.5 mL one-compartment
electrochemical cell using a GC electrode (d=1.5 mm), with a Pt wire
counter electrode, and an Ag/AgCl (3 M KCl) electrode as reference.

2.4. Sample preparation

The adsorption of Spm, Spd, Pd(II)–Spm and Pd(II)–Spd onto
HOPG and GC electrodes was studied by MAC mode AFM in air and
voltammetric methods, using the procedures described below.

Procedure 1 — Spm, Spd, Pd(II)–Spm and Pd(II)–Spd modified HOPG.
The Spm, Spd, Pd(II)–Spm and Pd(II)–Spd modified
HOPG were obtained by spontaneous adsorption,
depositing 200 μL samples of the desired Spm, Spd,
Pd(II)–Spm or Pd(II)–Spd solution onto freshly cleaved
HOPG surfaces and incubating for 10 min. The excess
of solution was removed with Millipore Milli-Q water
and the electrode was dried in a sterile atmosphere.

Procedure 2 — Electrodeposited Pd(II)–Spm and Pd(II)–Spd modi-
fied HOPG. The electrodeposition of Pd(II)–Spm and
Pd(II)–Spd was performed from concentrations of
10 μM Pd(II)–Spm and Pd(II)–Spd in in pH 7.0 0.1 M
phosphate buffer solutions, by applying +1.2 V vs.
Ag/AgCl (3 M KCl), during 30 min. The excess of
solution was removed with Millipore Milli-Q water
and the electrode was dried in a sterile atmosphere.

Procedure 2 — Electrodeposited Pd(II)–Spm and Pd(II)–Spd modified
GC electrode. The electrodeposition of palladium
complexes was performed from solutions of 2 mM
Pd(II)–Spm and Pd(II)–Spd in pH 7.0 0.1 M phos-
phate buffer, by applying +1.2 V vs. Ag/AgCl
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(3 M KCl), during 30 min. After electrodeposition the
electrode was washed with Millipore Milli-Q water
and transferred to pH 4.5 0.1 M acetate buffer.

3. Results and discussion

The Spm, Spd, Pd(II)–Spm and Pd(II)–Spd adsorption and the
redox processes were studied using AFM and voltammetry. The
results obtained for the biogenic polyamines Spm and Spd are
essential to explain the voltammetric behaviour and the interaction
established by the polynuclear palladium complexes Pd(II)–Spm and
Pd(II)–Spd with the GC and HOPG electrodes.

The AFM study of Spm, Spd, Pd(II)–Spm and Pd(II)–Spd was
performed using the procedures from Section 2.4. As described below,
the topographical images clearly showed the different ability of Spm,
Spd, Pd(II)–Spm and Pd(II)–Spd to interact and adsorb spontaneously
on carbon electrode surfaces, forming different morphological
structures and films. For the correct evaluation of the adsorbed
molecules and films, the HOPG was used as substrate, which presents
a root-mean-square roughness (r.m.s) of less than 0.06 nm for a
1000×1000 nm2 surface area. The GC electrode used for the
voltammetric characterization was much rougher, with 2.10 nm r.m.
s. roughness for the same surface area, therefore unsuitable for AFM
surface characterization. Furthermore, the experiments using GC and
HOPG electrodes showed similar electrochemical behaviour.

3.1. Adsorption process and redox behaviour of spermine and spermidine

3.1.1. AFM characterization of adsorbed Spm and Spd
The spontaneous adsorption onto HOPG of Spm and Spd, ligands in

the Pd(II)–Spm and Pd(II)–Spd complexes, was performed using
Procedure 1 from Section 2.4.
Fig. 1. AFM images of (A, B) Spm and (C) Spd modified HOPG electrode obtained from solutio
Spd. (D, E) Cross section profiles through the white lines in the images (B) and (C).
AFMimages in air of theSpmmodifiedHOPGsurfaceobtained froma
concentrated solution of 100 μM Spm, Fig. 1A, showed spherical
aggregates assembled on the HOPG surface with 2.5±0.4 nm height.
Larger aggregates andmolecular clusters up to5.0 nmofheight could be
also observed in the images. The number of aggregates decreased with
decreasing concentrations down to 50 μM (data not shown). For
solutions of 10 μM Spm, Fig. 1B, the AFM images showed the formation
of a thin Spm film with large pores (pointed out by red arrows in the
image from Fig. 1B) that exhibit the HOPG surface underneath.
Performing section analysis on the thin film, a mean height and
standard deviation of 0.4±0.10 nm was measured, h1 from Fig. 1D,
which corresponds to a monolayer formed by hydrophobic interactions
between Spm alkyl chains and the hydrophobic HOPG surface. In
addition, spherical aggregates and clusters with non-uniform heights
between 1.0 and 5.0 nm, h2 from Fig. 1D, were embedded into the Spm
monolayer. The formation of the Spm monolayer observed in the AFM
images and the decrease of the number of molecular clusters with
decreasing Spm concentration demonstrated that the uniformly
distributed Spm aggregates are not an artefact, but are related to the
adsorption onto HOPG.

As expected, the AFM images of a Spd modified HOPG surface
obtained from a solution of 50 μM (data not shown) and 10 μM Spd,
Fig. 1C, showed a similar pattern of adsorption as obtained for the Spm
molecules, with 4.1±1.0 nm height spherical aggregates, Fig. 1E.

3.1.2. Voltammetric characterization of Spm and Spd
The voltammetric behaviour of the biogenic polyamines Spm and

Spd was studied initially by cyclic voltammetry in solutions of 100 µM
in pH 7.0 0.1 M phosphate buffer saturated with N2. Successive scans
were obtained in the solution of Spm and Spd, starting at Ei=0.00 V
in a potential range of −1.00 V to +1.40 V with a scan rate of
ν=100mVs−1. The CVs showed a single, irreversible oxidation peak
ns in pH 7.0 0.1 M phosphate buffer of: (A) 100 μM Spm, (B) 10 μM Spm and (C) 10 μM
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at high positive potentials, well defined in the case of Spm, Fig. 2A–B.
A decrease of the peak current with the number of scans recorded,
followed by a stabilization of the peak current, and the absence of
other peaks related to the formation of electroactive oxidation
products, was also observed. After five scans in solution, the GC
electrode was rinsed and transferred to the electrolyte medium of pH
7.0, where CVs were recorded in the same potential range. The
presence of Spm and Spd adsorbed on GC electrode surface was
observed only in the first scan (not shown), meaning that the
adsorbed aggregates and films were not strongly attached to the
electrode surface, being desorbed during just one CV.

The SW voltammograms, Fig. 2A–B Inserts, showed similar results
to the CVs, i.e. the presence of a single, irreversible oxidation peak for
both Spm and Spd. The voltammograms were recorded at a frequency
of 8 Hz (effective scan rate of 15mVs−1) showing a well defined
oxidation peak over the whole pH range studied, when compared
with the CV results recorded at a scan rate of 100mVs−1, which
suggests a slow oxidation kinetics.

The influence of pH on the oxidation peak potential of Spm and
Spd was studied by DP voltammetry in different supporting electro-
lytes with the ionic strength 0.1 M. The effect of the pH on the
oxidation potential and on the peak currents obtained is shown in
Fig. 3A for Spm and in Fig. 3B for Spd. The DP voltammograms showed
that the oxidation peak potential was shifted to less positive values as
the pH increases, indicating greater ease of oxidation in alkaline
medium.
Fig. 2. CVs in pH 7.0 0.1 M phosphate buffer of 100 μM: (A) Spm and (B) Spd: (▬) 1st
(▪▪▪) 2nd and (•••) 5th scan. Inserts SW voltammograms: It — total, It — forward and Ib —
backward currents.

Fig. 3. DP voltammograms: (A, B) 3D plot in different supporting electrolytes as a
function of pH of 100 μM (A) Spm and (B) Spd; (C) Plot of Epa vs. pH for (■) Spm and
(○) Spd. Slope of the dotted line 93 mV per pH unit.
It was also observed that at pH 11.1 0.1 M ammonium buffer two
oxidation peaks for each of the polyamines were detected, with low
currents in relation to the other supporting electrolytes. At pH 5.1
0.1 M acetate buffer no oxidation peak was observed in the case of
Spd, whereas for Spm a small oxidation peak at Epa=+1.23 V was
detected with a low current of only 6 nA.

In supporting electrolytes with pH≤5.1 no charge transfer
reaction was detected. The significant increase in the oxidation
potential and the decrease of peak currents in acid medium showed a
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low capacity of these amines for electro-oxidation, which can be
explained considering their protonation reactions. The protonated
form is more deficient in electrons than the neutral, not protonated
form, thus reducing the oxidation capacity. The results indicate that in
acidmedium the polyamines are fully protonated and that they hardly
suffer oxidation at pH 5.1, as observed by the high oxidation potential
and low peak currents.

The number of electrons involved in the oxidation process was
calculated from the width at half height W1/2 of the oxidation peak,
where W1/2=110 mV in the case of Spd, and W1/2=90 mV for Spm,
thus for both polyamines until pH 11.1 the oxidation occurs with the
transfer of one electron. Representing Ep vs. pH, a linear dependence
of the oxidation peak with the pH in the studied range was observed,
Fig. 3C, with a slope of 89 mV per pH unit for Spd and of 93 mV per pH
unit for Spm. These slopes indicate that in the oxidation process for
Spm and Spd the transfer of protons also takes place. In the oxidation
mechanism more protons than electrons are involved.

Comparing the oxidation potential of Spm and Spd, very similar
values were found which indicates the same oxidation mechanism. In
vivo there is an active interconversion of Spm and Spd, and between
Spd and putrescine (H2N(CH2)4NH2), mediated by oxidase enzymes.
In this cycle of catabolic interconversion, Spm is degraded in an
oxidative manner to Spd and from Spd to putrescine. The first step in
this sequence [3] is the acetylation of terminal amino groups:

R � CH2�NHþ
3→

Enzyme
RCHO

The second step is the oxidative separation of the acetylated
polyamines [3], with the removal of the aminopropyl residues [4]:

R1―CH2―NH―CH2―R2 þ O2 þ H2O → R1―CHOþ H2N―CH2―R2 þ H2O
Fig. 4. AFM images of Pd(II)–Spm modified HOPG electrode obtained from solutions in pH 7
adsorption during 10 min and (D) electrodeposition at +1.20 V, vs. Ag/AgCl, during 30 min
In this case, a possible general reaction [29] at the glassy carbon
electrode is:

R―CH2―NH2 þ 2OH
−→R―CHO þ NH3 þ H2O þ 2e

−

With the oxidative deamination of the primary amino groups, each
of the interconversion intermediaries can be transformed into alde-
hydes, which in vivo may still suffer oxidation to an amino acid or a
gamma-lactam. The end products of the catabolism and of polyamine
acetylation are then subjected to urinary excretion [4].
3.2. Adsorption process and redox behaviour of polynuclear palladium
chelates with Spm and Spd

3.2.1. AFM characterization of spontaneously adsorbed Pd(II)–Spm and
Pd(II)–Spd

The capacity of Pd(II)–Spm and Pd(II)–Spd to interact and adsorb on
carbonelectrode surfaces formingdifferentmorphologicalfilmswasfirst
investigated using AFM in air. The Pd(II)–Spm and Pd(II)–Spd modified
HOPG electrodes were obtained by spontaneous adsorption during
10 min, from different concentrations of Pd(II)–Spm and Pd(II)–Spd,
using the method described in Procedure 1.

AFM images of the Pd(II)–Spmmodified HOPG obtained for a 50 μM
Pd(II)–Spm solution showed aggregates and clusters of 2.4±0.6 nm
height, Fig. 4A. Decreasing the concentration to 10 μM, Fig. 4B and C, the
distribution and height of the molecular aggregates and clusters
decreased to 1.3±0.2 nm, and showed a tendency to attach preferen-
tially near the defects on the HOPG step edges.

AFM images of the Pd(II)–Spd modified HOPG obtained from
concentrations of 50 μM Pd(II)–Spd solution, Fig. 5A, showed the
.0 0.1 M phosphate buffer of (A) 50 μM and (B–D) 10 μM Spm, by: (A–C) spontaneous

.



Fig. 5. AFM images of Pd(II)–Spd modified HOPG electrode obtained from solutions of (A) 50 μM and (B–D) 10 μM Pd(II)–Spd in pH 7.0 0.1 M phosphate buffer, by: (A–C)
spontaneous adsorption during 10 min and (D) electrodeposition at +1.20 V, vs. Ag/AgCl, during 30 min.
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formation of 2.0±0.3 nm height molecular clusters, slightly decreasing
to 1.7±0.2 nm height at 10 μM Pd(II)–Spd, Fig. 5B and C.

The Pd(II)–Spd complexes demonstrated an increased adsorption
onto HOPG, when compared with Pd(II)–Spm, due to the existence of
a larger number of palladium atoms and of ligand molecules in its
molecular structure. Indeed Pd(II)–Spd has three palladium atoms,
which increase the spontaneous adsorption onto HOPG [30,31],
and two Spd molecules, vs. two palladium and one Spm in the case
of Pd(II)–Spm. Additionally the larger Pd(II)–Spd complexes lead to
the formation of larger and higher molecular clusters, Fig. 4C,
compared with Pd(II)–Spm, Fig. 5C.
Fig. 6. CVs in pH 7.0 0.1 M phosphate buffer of 2 mM (A) Pd(II)–Spm and (B) Pd(II)–Spd:
(▬) 3rd, (▪▪▪) 5th and (•••) 10th scan. Scan rate 100 mV s–1.
3.2.2. Voltammetric characterization of Pd(II)–Spm and Pd(II)–Spd
The voltammetric characterization of the complexes Pd(II)–Spm

and Pd(II)–Spd at the GC electrode was first studied by CV in
concentrated solutions of 2 mM in pH 7.0 0.1 M phosphate buffer,
saturated with N2. In Fig. 6 are shown successive CVs starting at
Ei=0.00 V in the positive direction until E1=+1.40 V then going in
the negative direction to progressively more negative applied
potential limits. The CVs recorded showed that when the negative
applied potential reaches E2=−0.50 V a complex electrochemical
behaviour is observed, characteristic of the electrodeposition of
palladium at the surface of the electrode [30,31].

Continuing with the application of progressively more negative
potential limits up to E2=−1.00 V, other peaks and a large increase
in peak currents were recorded. All peaks are related to different
states of oxidation of the Pd(0) nanostructures electrodeposited at the
surface of the electrode as the applied potential reaches sufficiently
negative values. Once electrodeposited on the electrode, the Pd(0)
nanostructures undergo several redox reactions, such as hydrogen
evolution, palladium oxide formation and their reduction [30,31].



Fig. 7. SWvoltammograms in pH 4.5 0.1 M acetate buffer of (A,C) Pd(II)–Spm and (B, D) Pd(II)–Spd; (A–B) after CVs in solution, and (C–D) after electrodeposition at+1.20 V vs. Ag/AgCl
during 30 min from 2 mM solutions in pH 7.0 0.1 M phosphate buffer, It — total, It — forward and Ib — backward currents. Frequency 8 Hz.
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After the CV scans in the 2 mM solutions of either Pd(II)–Spm
or Pd(II)–Spd, the electrode was washed and transferred to pH 4.5
0.1 M acetate buffer. The presence of palladium oxides on the
surface of the electrode was confirmed by SW voltammetry in
supporting electrolyte pH 4.5, Fig. 7A–B, which showed reversible
oxidation processes at +0.51 V and +1.20 V. It was also observed
that in the case of the Pd(II)–Spd complex, the peak currents were
higher in relation to those recorded for the Pd(II)–Spm complex,
related to both the presence of more palladium centres in the
Pd(II)–Spd and a greater adsorption onto the carbon electrode
surface of Pd(II)–Spd, Fig. 5A–C, when compared with Pd(II)–Spm,
Fig. 4A–C.

Since in the experiments in solution Pd(0)was electrodeposited by
applying a sufficiently negative potential, the electrodeposition at a
high positive potential was also investigated in order to confirm that
palladium could be removed from these complexes and deposited
directly as palladium oxide.

3.2.3. Electrodeposition of Pd(II)–Spm and Pd(II)–Spd
To test the stability of Pd(II)–Spm and Pd (II)–Spd complexes for

the removal and deposition of palladium on the surface of the
electrode as palladium oxide, a potential of Edep=+1.20 V was
applied during 30 min, as described in Section 2.4, Procedures 2 and 3
and the electrodeposited Pd(II)–Spm and Pd(II)–Spd modified HOPG
and GC electrodes were investigated by AFM and voltammetry,
respectively.

The electrodeposited Pd(II)–Spm and Pd(II)–Spd modified HOPG
surfaceswereprepared in 10 μMPd(II)–Spmor Pd(II)–Spd, asdescribed
in Procedure 2. AFM images of electrodeposited Pd(II)–Spm, Fig. 4D,
and Pd(II)–Spd, Fig. 5D, modified HOPG both showed the formation
of a large number of molecular clusters on the surfaces of HOPG, that
of Pd(II)–Spm presented very non-uniform heights between 1.2 nm
and7.0 nm, andmoreuniform,of 1.5±0.3 nm, in the caseof Pd(II)–Spd.
The application of a positive potential induced the oxidation of
the Pd–Spm complexes and the formation of a mixed multilayer of
palladium oxides [30], Spm/Spd, and Pd(II)–Spm/Pd(II)–Spd com-
plexes on HOPG.

The electrodeposited Pd(II)–Spm and Pd(II)–Spd modified GCE,
obtained from solutions of 2 mM Pd(II)–Spm and Pd(II)–Spd, showed
no charge transfer reactions in the first CV recorded in the positive
direction in supporting electrolyte, Fig. 8 (▬) and zoom. Only after
reversing the scan direction at−1.00 Vwas the characteristic peak for
hydrogen evolution observed, which means that while the palladium
oxides were not detected at the scan rate of 50mVs−1, their reduction
in the negative direction of the scan leads to the formation of Pd(0)
that can then adsorb and absorb hydrogen.

In the subsequent sweeps, Fig. 8 (•••) and (▪▪▪), using a restricted
potential range from −0.40 V to +1.40 V, the voltammograms
recorded showed the formation of the oxide layer and their reduction,
although with very low peak currents.

In another experiment, after the application of the electrode-
position potential and transfer to the supporting electrolyte pH 4.5,
the first SW voltammogram recorded at 15mVs−1 showed the
presence of a reversible oxidation peak at +1.20 V with a very low
current, Fig. 7C–D, thus confirming the electrodeposition of palladi-
um oxide from the solutions of the Pd(II)–Spm and Pd(II)–Spd
complexes.

The AFM and voltammetric results showed that application of high
negative potentials during the sweeps in solution, Fig. 7A–B, or of a
positive applied potential, Figs. 4D, 5D and 8, lead to the Pd(II)–Spm



Fig. 8. CVs in pH 4.5 0.1 M acetate buffer of (A) Pd(II)–Spm and (B) Pd(II)–Spd, after
electrodeposition at +1.20 V, vs. Ag/AgCl, during 30 min from 2 mM solutions in pH 7.0
0.1 M phosphate buffer, (⁃⁃⁃) 1st, (•••) 4th and (▪▪▪) 10th scan. Scan rate 50 mV s−1.
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and Pd(II)–Spd dissociation and the deposition of palladium
nanostructures on the surface of the HOPG and GC electrodes.

4. Conclusions

The redox behaviour of two polynuclear Pd(II) complexes with
biogenic polyamines Spm and Spd, with great potential clinical
importance due to their antiproliferative and cytotoxic activity
coupled to less severe side-effects, was studied at room temperature,
using AFM and voltammetry.

The ligands Spm and Spd, as well as the corresponding complexes
Pd(II)–Spm and Pd(II)–Spd present different adsorption patterns and
degree of HOPG surface coverage, depending on the chemical
structures, the dimensions, the solution concentration and the applied
potential. The voltammetric study of Spm and Spd showed that these
biogenic polyamines suffer oxidation at the GC electrode. The
oxidation process is irreversible and dependent on pH. In acidmedium
the polyamines are fully protonated and hardly suffer oxidation.

The Pd(II)–Spd complex has a stronger adsorption on HOPG and
always presents larger peak currents at the GC electrode, due to the
molecular structure incorporating three palladium atoms and two Spd
molecules with greater adsorption, in comparison with Pd(II)–Spm
that has only two palladium atoms and one Spm molecule.

Applying high positive potentials, the stability of Pd(II)–Spm and
Pd(II)–Spd complexes was tested. The voltammetric and AFM results
show that palladium removal is possible for both Pd(II)–Spm and
Pd(II)–Spd, by applying either a high negative potential during the
cycles in solution, or a fixed positive potential that leads to the
formation of a mixed multilayer of palladium oxide, Spm/Spd and
Pd(II)–Spm/Pd(II)–Spd complexes on the carbon electrode surface.
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