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Abstract

Complexes between short oligodeoxynucleotides (ODN) with a variable dGxdCy base composition and liposomes composed of the cationic
lipid DOTAP (ODN lipoplexes) were studied by differential pulse voltammetry at a glassy carbon electrode. Since lipoplexes are spontaneously
formed by electrostatic interactions, the objective of the voltammetric study was to investigate their behaviour at the electrode surface/solution
interface. It was verified that the peak current in the voltammograms for ODN lipoplexes was due to guanosine oxidation and that it was
influenced both by the applied adsorption potential and the lipoplex (±) charge ratio used. It was found that for low ODN lipoplexes (±) charge
ratios the peak current obtained was enhanced when compared to that registered with free ODN for the same concentration. This allowed a
higher sensitivity in the determination of ODN by differential pulse voltammetry and a limit of detection of 5.5 ng/mL was achieved. A model
that explains the organisation of ODN lipoplexes at the electrode surface/solution interface is proposed. The electrochemical results presented
account for a better physicochemical characterisation of lipoplexes at charged interfaces, which can be important for the understanding and
development of gene therapy vectors based on ODN lipoplexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Interactions between lipids and deoxyribonucleic acids
(DNA) are gaining increased attention as experimental evi-
dence towards a modulatory role for the interactions between
genetic material, phospholipids of biological membranes and
the intracellular matrix (Alessenko and Burlakova, 2002;
Kuvichkin, 2002).

Although other techniques have also been used for this
purpose, lipid/DNA interactions have been extensively stud-
ied by electrochemical methods using different approaches
and pursuing different objectives (Nikolelis et al., 1999).

Interactions between DNA and lipid bilayer membranes
covering electrode surfaces have been used for the develop-
ment of hybridisation biosensors, in which short oligonu-
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cleotides of known sequences are used as hybridisation
probes (Hianik et al., 2003; Siontorou et al., 1996; Wang,
2000).

In addition to their use for detection applications,
oligodeoxynucleotides (ODNs) have become the main tool
for an antisense based therapeutic approach (Cohen, 1994).
Among the strategies that are currently being developed to
increase the cellular uptake of ODNs, which are of crucial
importance to achieve any therapeutic result, is the use of
lipoplexes, complexes formed through spontaneous electro-
static interaction between cationic liposomes and the neg-
atively charged phosphate backbone of DNA. Lipoplexes
have been developed and used as a way to deliver DNA
(either plasmid DNA or oligonucleotides) into a target cell
or tissue aiming the development of appropriate non-viral
gene delivery systems for in vitro and in vivo gene therapy
(Audory and Hoekstra, 2001; Pedroso de Lima et al., 2001).

The first and still most used cationic lipid in lipoplex for-
mulations is DOTAP (1,2-dioleoyl-3-trimethylammonium
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Scheme 1. Molecular structure of DOTAP.

propane), a monovalent positively charged non-natural lipid
that exhibits low toxicity in vivo (Scheme 1). DOTAP
liposomes have been shown to efficiently mediate the trans-
fection of DNA, RNA and oligonucleotides (Audory and
Hoekstra, 2001).

Structural changes both in DNA and liposomes have
been shown to occur during lipoplex formation. Circular
dichroism and infrared data suggest that double strand
DNA is condensed and can suffer various conformational
transitions (Choosakoonkriang et al., 2003; Even-Chen and
Barenholz, 2000; Prasad et al., 2003; Weimin et al., 2003),
while cationic lipids appear to change phase (Bordi et al.,
2003; Raedler et al., 1997). When considering ODN
lipoplexes, it was recently reported that the nucleotide se-
quence and composition influence some physicochemical
properties of the lipoplexes as the complexation process
(Meidan et al., 2001) although a full characterisation of the
interaction between ODNs and cationic liposomes is still
required (Jurkiewicz et al., 2003; Meidan et al., 2000).

The interaction between lipoplexes and biological mem-
branes is important for the success of gene delivery in to
target cells (Pedroso de Lima et al., 2001; Ruponen et al.,
2003). It is known that biomembranes have natural trans-
membrane potentials and the membrane/extracellular inter-
face or intracellular medium can be considered as a charged
interface. Several biochemical and physical techniques have
been used to characterise lipoplexes (Audory and Hoekstra,
2001), but there is a gap in fundamental bioelectrochemi-
cal studies on ODN lipoplexes at charged interfaces. Since
lipoplexes are formed due to electrostatic interactions be-
tween their components, it is interesting to investigate the
influence of the lipoplex (±) charge ratio and ODN compo-
sition on the stability and structure of ODN lipoplexes when
in contact with a charged interface. This can be achieved
through voltammetry.

The voltammetry of ODN lipoplexes composed of ODN
containing all four DNA bases and DOTAP liposomes has
been previously studied by differential pulse voltammetry
at a glassy carbon electrode surface (Piedade et al., 2004).
It was shown that the ODN base composition and the ODN
lipoplex (±) charge ratio influenced the voltammetric re-
sponse confirming the influence of ODN composition on
the physicochemical properties of lipoplexes (Meidan et al.,
2001).

The main purpose of the present work was to study the
behaviour of ODN lipoplexes composed with ODN of vari-

able dGxdCy base composition and DOTAP liposomes, at
the electrode surface/solution interface by differential pulse
voltammetry using a glassy carbon electrode.

2. Materials and methods

2.1. Materials

Analytical grade reagents and purified water from a Mil-
lipore Milli-Q system (conductivity<0.1�S cm−1) were
used for the preparation of phosphate buffer and electrolyte
solution. DOTAP (1,2-dioleoyl-3-trimethylammonium
propane) 25 mg/mL in chloroform solution was purchased
from Avanti Polar Lipids (Alabaster, AL) and used without
any further purification.

Phosphate buffer solutions, pH 7.1, was chosen in order
to work close to the physiologic pH.

The oligodeoxynucleotides used in this study are listed
in Table 1and were synthesised on an Applied Biosystems
380B automated DNA synthesizer (USA) using reagents for
oligonucleotide chemistry purchased from Fluka (Germany).
Buffered solutions of each ODN were prepared by diluting
a certain volume of the ODN aqueous stock solution to get
the desired concentration.

Nano- and microvolumes were measured using a EP-10
Plus and a EP-100 Plus Motorized Microliter Pippette
(Rainin Instrument Co. Inc., Woburn, USA). The pH mea-
surements were carried out with a Crison Model micro-pH
2001 pH-meter with an Ingold combined glass electrode.
All experiments were done at room temperature.

2.2. ODN quantification and self-dimer formation

Concentrations of the aqueous solutions of ODNs were
determined by measuring their absorbance at 260 nm using
an UV–vis spectrophotometer Specord S 100 (Carl Zeiss
Technology, Analytic Jena, Jena, Germany), considering the
relation between optical units and�g for each sequence
presented inTable 1.

The extent and stability of any possible self-dimers and
hairpin structures formed by the ODNs used were evaluated
theoretically using the software PrimerSelect (DNASTAR
Inc.).

Table 1
Sequence of oligodeoxynucleotide used

Number Sequences (5′ → 3′) Abs260 (o.u./�g)

I GGGGCGGG 28
II GGGGCCGGG 34
III GGGGCCCGGG 33

IV GGGGCCGGGCGGG 33
V GGGGCCCGGGCCGGGCGGG 33

VI CCCGCCCC 28
VII CCCGGGCCCC 29
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2.3. Preparation of cationic liposomes

For the preparation of DOTAP (1,2-dioleoyl-3-trimethyl-
ammonium propane) liposomes (Simões et al., 1998), a dry
film of 3 �mol lipid was produced under vacuum using a ro-
tatory evaporator from a stock solution in chloroform. The
dried lipid film was then hydrated with distilled water to a
lipid concentration of 3�mol/mL and sonicated for 5 min.
The resulting liposomes were then extruded 21 times through
two stacked polycarbonate membranes of 50 nm pore diam-
eter using a Liposofast device (Avestin, Toronto, Canada),
and stored at 4◦C, under nitrogen, until use. Liposomes were
used within 1 month after preparation.

2.4. Lipoplex formation

The complexes between DOTAP liposomes and ODN
(ODN lipoplexes) were prepared at different DOTAP/ODN
(±) charge ratios by gently mixing the phosphate buffered
ODN solution with a fixed volume of the liposome stock
solution, depending on the charge ratio desired. The mix-
ture was left for 15 min at room temperature prior to any
voltammetric experiment.

In the present work, the molar (±) charge ratio of DOTAP
to negatively charged phosphates in ODN was varied be-
tween 0 and 2/1, and was calculated considering that 1�mol
of cationic lipids corresponds to 1�mol of positive charges
and 1 mg of DNA has 3.08 nmol of negatively charged phos-
phate groups at pH 7.1. The final concentrations of lipid
used to generate the ODN lipoplex molar charge ratio de-
sired ranged from 0.06 and 0.9 mmol/L, that is in the range
of lipid concentrations normally used in gene therapy for-
mulations (Audory and Hoekstra, 2001; Pedroso de Lima
et al., 2001; Simões et al., 1998).

2.5. Voltammetric cell and parameters

All voltammetric experiments were done using an
�Autolab Type II potentiostatrunning with GPES version
4.9 software (Eco-Chemie, Utrecht, The Netherlands). A
one-compartment electrochemical cell with a volumetric
capacity of 100�L was used containing a 1.5 mm diam-
eter glassy carbon electrode (GCE) (Cypress, USA), a Pt
wire counter electrode, and an Ag/AgCl reference electrode
(the electrode filling solution was KCl 3 M saturated with
AgCl). This cell was placed inside a Faraday cage at room
temperature during all the measurements.

The voltammetric parameters used, unless stated other-
wise, were: differential pulse voltammetry, pulse amplitude
50 mV, pulse width 70 ms, scan rate 5 mV s−1, equilibrium
time 10 s. All potentials are referred to Ag/AgCl.

2.6. Pre-conditioning of the glassy carbon mini-electrode

Before and between every electrochemical assay with
samples of ODNs the glassy carbon electrode was polished

using alumina oxide, particle size 0.3�m. After polishing,
the electrode was rinsed thoroughly with Milli-Q water
during 30 s, sonicated for 1 min in a ultrasound bath, and
again rinsed with water. After this mechanical treatment the
electrode received an electrochemical pre-conditioning that
consisted of three steps: first, the electrode was scanned
in the electrolyte solution to check the cleanness of the
electrode surface; second, a potential of+1.65 V versus
Ag/AgCl was applied for 300 s; and finally the electrode was
scanned between+0.30 and+1.30 V, until a steady-state
base line voltammogram was obtained. This electro-
chemical pre-conditioning improves the faradaic currents
recorded making the assay more sensitive and reproducible
(Hong-Ping and Kwok-Keung, 1996; Piedade et al., 2004),
and so this pre-conditioning of the electrode surface was
employed in all the voltammetric experiments presented.

2.7. Acquisition and presentation of voltammetric data

After the electrochemical pre-conditioning the GCE was
immersed in the sample solution and applied a chosen ad-
sorption potential (varying between−0.30 and+0.40 V)
was applied for 300 s. The GCE with the adsorbed sample
was then gently washed with deionised water and transferred
to a phosphate buffer supporting electrolyte solution. The
voltammograms were recorded between+0.30 and+1.30 V
versus Ag/AgCl.

All the experimental curves presented were background-
subtracted and base line corrected using the moving average
application with a step window of 10 mV included in GPES
version 4.9 software. This mathematical treatment improves
the visualisation and identification of peaks over the base line
without introducing any artefact, although the peak intensity
is in some cases reduced (<10%) relative to that of the raw
curve. The values for peak current presented in all graphs
were determined from the original raw voltammograms.

3. Results

It has been shown recently (Piedade et al., 2004) that
the ODN base composition and the ODN lipoplex (±)
charge ratio influenced the voltammetric response obtained.
Therefore, in order to investigate the behaviour of ODN
lipoplexes at charged interfaces and to avoid complications
due to base sequence effects on the voltammetric response,
ODN sequences containing only guanine (G) and cytosine
(C) bases (Table 1) were used in the present work.

3.1. Voltammetry of ODN, DOTAP liposomes and ODN
lipoplexes

The differential pulse voltammograms obtained for the
free ODN-I, DOTAP liposome suspension, and for the
ODN-I lipoplex with a (±) charge ratio of 1/1, are presented
in Fig. 1.
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The voltammogram obtained for ODN-I presents a single
peak current at+0.90 V, Fig. 1 (full line), correspond-
ing to the oxidation of guanosine present in the ODN
(Oliveira-Brett et al., 1999; Piedade et al., 2004), which
will be referred to as peak-dG. The peak current is pro-
portional to the concentration of the guanosine present in
the ODN and it also reflects the accessibility of the gua-
nine nucleotides in the ODN to the surface of the electrode
since their adsorption is essential for charge transfer to
occur (Oliveira-Brett et al., 1999; Palecek et al., 2002). As
expected (Oliveira-Brett and Matysik, 1997; Piedade et al.,
2004), the oxidation of the cytosine nucleotides in the ODN
was not seen because cytidine can be only detected at high
positive potential, for the pH used, and its oxidation peak is
usually masked by oxidation of the electrolyte solution.

Only one peak current was detected for ODN-I lipoplexes
with a (±) charge ratio of 1/1, at the same potential at which
the oxidation of guanosine in the free ODN-I was observed,
with a small but not significant current decrease,Fig. 1
(dashed line).

It was verified that the DOTAP liposome suspension
voltammogram shows no faradaic response,Fig. 1 (dot-
ted line) when the potential was scanned between−0.30
and +1.40 V, indicating that DOTAP does not suffer any
electro-oxidation or reduction reaction in this working po-
tential window and for the pH used. Therefore, the peak
observed for the ODN-I lipoplex was considered to be due
only to the oxidation of guanine nucleotides in the lipoplex
adsorbed onto the GCE surface. Since no other peaks were
detected, peak-dG was considered to be a convenient ana-
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Fig. 1. Base line corrected differential pulse voltammograms obtained in
0.1 M phosphate buffer (pH 7.1) for solutions of: 20 nmol/mL (56�g/mL)
of ODN-I (full line), 172 nmol/mL of DOTAP liposome suspension
(dashed line); ODN-I lipoplex of (±) charge ratio 1/1 (dotted line). Ad-
sorption at−0.10 V for 300 s was carried out before transferring the
electrode for measurement in electrolyte solution. Pulse amplitude 50 mV,
pulse width 70 ms, scan rate 5 mV s−1; dG: peak due to guanosine oxi-
dation.

lytical peak for studying the voltammetric behaviour of this
group of ODN lipoplexes at the electrode surface/solution
interface.

3.2. Effect of ODN lipoplexes charge ratio and adsorption
potential on peak current

The effect of the ODN lipoplex (±) charge ratio and the
adsorption potential on the peak-dG current was studied. It
was found that the application of a potential where adsorp-
tion occurs equal to−0.10 V during 300 s causes a signifi-
cant increase in peak-dG current for all the ODN-I lipoplex
(±) charge ratios studied, compared to the case where no
potential was applied but the electrode remained immersed
in the lipoplex solution for the same period of time,Fig. 2.

The effect of the application of other different potentials
and different ODN-I lipoplex (±) charge ratios on peak-dG
current is shown in the 3D plot inFig. 3. The results ob-
tained for an adsorption potential of−0.10 V, already pre-
sented inFig. 2, are shown with the points obtained for
different lipoplex (±) charge ratios linked with the bolded
line in other to facilitate comparison. The applied potential
was varied between−0.40 and+0.30 V for two reasons: the
lower limit was chosen to be−0.40 V to avoid oxygen re-
duction that could otherwise interfere with the results since
the voltammetric experiments were done under normal at-
mosphere; the upper limit was fixed at+0.30 V to avoid
any undesired electrochemical oxidative damage to the ODN
before the voltammetric scan (Oliveira-Brett et al., 1999;
Piedade et al., 2004).

It was observed, as a general trend, that the application
of a less positive adsorption potential caused an increase
in peak-dG current. This effect was observed also for the
free ODN-I (charge ratio 0) and can be explained consid-
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Fig. 2. Curve for ofI vs. lipoplex (±) charge ratio obtained with (open
circle) or without (full circle) the application of an adsorption potential
of −0.10 V during 300 s. Each error bar represents the standard deviation
obtained for three experiments. Experimental conditions as inFig. 1.
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Fig. 3. 3D plot for peak-dG current (I) as function of the adsorption
potential (E) and lipoplex (±) charge ratio. The black bold line links the
points obtained with the application of an adsorption potential of−0.10 V,
Fig. 2. Each point represents the mean value found for three experiments.
For experimental details, see text.

ering two contributions. First, the application of a negative
adsorption potential leads the ODN to adsorb preferentially
with the bases facing the electrode surface due to an in-
creased electrostatic repulsion over the negative backbone
phosphate groups. In this case, interaction between the bases
and the hydroxyl and carboxylic groups present on GCE
surface (Hong-Ping and Kwok-Keung, 1996) are facilitated
by hydrogen bounds, increasing the amount of ODN that re-
mains adsorbed at the electrode surface. Second, with gua-
nine base, already close to the electrode surface, it was ex-
pected that charge transfer would be facilitated, observed
as an increase in the peak-dG current. The tendency of the
peak-dG current to increase diminishes with the application
of a potential more negative than−0.30 V, as can be seen in
Fig. 3. This agrees well with the above explanation, since it
was expected that at more negative adsorption potentials the
electrostatic repulsion between the negatively charged phos-
phate backbone and the electrode surface would predomi-
nate over other possible interactions with the solid electrode
surface.

In general, the same shape as inFig. 2 was observed in
the curves obtained for peak-dG current versus lipoplex (±)
charge ratio for adsorption potentials more positive than
−0.20 V. The peak-dG current increased significantly for a
lipoplex (±) charge ratio of 1/2 in relation to the value ob-
tained for free ODN (charge ratio 0). This increase was more
accentuated at an applied potential of−0.20 V, diminish-
ing slightly at more positive potentials. However, the value
of peak-dG current although decreasing with lipoplex (±)
charge ratio, never reached zero even for higher charge ra-
tios. In fact, it was observed that peak-dG current remained
almost constant for ODN lipoplexes of (±) charge ratios
between 2/1 and 4/1 (data not shown). These results demon-

strate that the electrode surface was not blocked by DOTAP
liposomes, even when a larger excess of liposomes was used.

In order to investigate the interfacial organisation of the
adsorbed ODN lipoplex, five different experiments were per-
formed in which different experimental adsorption condi-
tions were chose using ODN-I, liposomes or ODN-I lipoplex
solutions. Adsorption at−0.10 V for 300 s was carried out
before transferring the electrode for measurement in elec-
trolyte solution. Values of peak-dG current were obtained by
differential pulse voltammetry in 0.1 M phosphate buffer (pH
7.1) electrolyte solution for free ODN-I (bar 1); free ODN-I
after a further 300 s application of a potential of−0.10 V in
supporting electrolyte (bar 2); DOTAP/ODN lipoplex (±)
charge ratio 1/1 (bar 3); DOTAP followed by free ODN-I
(bar 4); and free ODN-I followed by DOTAP (bar 5). The
values obtained in each experiment for peak-dG current are
in the bar chart presented inFig. 4. Each error bar represents
the standard deviation obtained for three experiments.

No significant difference was found between the two first
cases (bars 1 and 2), respectively, where the electrode was
immersed in the ODN-I solution a potential of−0.10 V was
applied for 300 s before transferring the electrode for mea-
surement in electrolyte solution (bar 1), the difference being
that after the electrode had been transferred to the electrolyte
solution in the second case a potential of−0.10 V was again
applied for 300 s before the voltammetric scan (bar 2). The
similarity of the results was as expected, as there was no
ODN in the bulk electrolyte solution to diffuse and adsorb
onto the electrode surface. It also means that application of
a second adsorption period in the electrolyte solution does
not cause any rearrangement in the ODNs adsorbed at the
electrode surface that could eventually cause a variation in
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Fig. 4. Values of peak-dG current obtained by differential pulse voltam-
metry in 0.1 M phosphate buffer (pH 7.1) electrolyte solution for: (1) free
ODN-I; (2) free ODN-I with an extra time of adsorption; (3) DOTAP/ODN
lipoplex (±) charge ratio 1/1; (4) DOTAP+ free ODN-I; (5) free ODN-I
+ DOTAP. Adsorption at−0.1 V for 300 s was carried out before trans-
ferring the electrode for measurement in electrolyte solution. See text for
other experimental details. Each error bar represents the standard devia-
tion obtained for three experiments.
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the peak-dG current. These two experiments (bars 1 and 2)
were important as controls for the following experiments.

A slight decrease in peak-dG current occurred for ODN-I
lipoplexes prepared at a 1/1 (±) charge ratio and adsorbed at
−0.10 V for 300 s before transferring the electrode for mea-
surement in electrolyte solution (bar 3) showing as before,
that almost all the ODN-I in the lipoplex was still available
and accessible to oxidation at the electrode surface.

In the fourth experiment (bar 4), the electrode was first
immersed in a DOTAP liposome solution, a potential of
−0.10 V applied during 300 s, the electrode transferred to
the ODN-I solution and the same adsorption procedure
repeated. Finally, the electrode was gently washed and
transferred to electrolyte solution and the voltammetric scan
was performed. In the fifth experiment (bar 5), the order
in experiment 4 was inverted: the first period of adsorption
was in the ODN-I solution and the second period in the
liposome solution. The values of peak-dG current found in
experiments 4 and 5 were lower than those registered in
the experiment with the ODN-I lipoplex (bar 3) but a larger
decrease was observed in experiment 4. This result can be
explained by considering that when the lipid was allowed
to adsorb first (experiment 4), the total area of the electrode
surface that remained uncovered by liposomes diminished,
and consequently less free ODN would be able to adsorb
on its surface and be oxidised.

The result in experiment 5 showed that adsorbed ODN-I
can interact with the DOTAP liposome solution leading to
the formation of some lipoplexes that will decrease the
ODN-I free that can be oxidised, either by decreasing its ac-
cessibility to the electrode surface or due to desorption and
consequent diffusion to bulk electrolyte solution.

In conclusion, this set of five experiments clearly showed
that the ODN lipoplexes present distinct voltammetric re-
sponses compared to those obtained when free ODN and
cationic liposomes interact sequentially at the GCE surface.

3.3. Effect of ODN length and guanine content on peak
current

The effect on the voltammetric behaviour caused by the
percentual content in guanine (ratio G/C) and the length of
the ODN used to prepare the ODN lipoplexes was studied
using the sequences listed inTable 1. The quantities of each
ODN used were calculated for each case to a final concentra-
tion of 20 nmol/mL. The amount of lipid added in each case
to form the lipoplexes was calculated to obtain the desired
molar (±) charge ratio within the interval studied (0–2/1).
The results obtained are shown inFig. 5.

It was found that the variation of peak-dG current with
the lipoplex (±) charge ratio follows a similar profile inde-
pendently of the ODN used, although each ODN presents
different peak-dG current values.

It was observed that for sequences with the same content
in guanine (ODNs-I–III) the peak-dG current increased with
increasing number of cytosine nucleotides for all the lipoplex
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Fig. 5. Experimental relation found for peak-dG current (I) vs. lipoplex (±)
charge ratio for different ODN sequences: ODN-I (black square); ODN-II
(white triangle); ODN-III (black triangle); ODN-IV (white circle); ODN-V
(black circle); ODN-VI (white square); ODN-VII (white hexagon). Each
error bar represents the standard deviation obtained for three experiments.
Experimental conditions as inFig. 1.

(±) charge ratios studied. This was explained considering
that the rise in the number of negative charges per oligonu-
cleotide leads to a greater interaction with cationic liposomes
causing the formation of some ODN lipoplex aggregates
(clusters), which finally results in a higher number of ODNs
being transported to the electrode surface. Consequently, a
higher number of guanine residues can undergo oxidation
which is consistent with the observed increase in peak-dG
current. A similar behaviour was observed when ODNs con-
taining bases other than G and C were used (Piedade et al.,
2004).

For ODN-IV and ODN-V lipoplexes, comparably lower
peak-dG current were observed and these results were
apparently unexpected since the content in guanine of
both sequences was higher than those present in previous
sequences.

It is well known that the electrochemical signals due to
base oxidation are depressed or even disappear in double
stranded DNA (Oliveira-Brett et al., 1999) and the results
obtained can be explained considering the formation of
self-dimers or hairpins. In fact, the analysis of the sequences
of the ODNs for their tendency to form self-dimers and
hairpins predicted the formation of 11 self-dimers and 13
hairpins (three of them stable) structures for ODN-V, and
of six self-dimers and three hairpins for ODN-IV, while for
ODNs-I–III none of these structures were predicted to be
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formed. The fact that the values for peak-dG current ob-
tained for ODN-IV become bigger than those for ODN-V
at charge ratios higher than 3/2 and equal to the peak-dG
current registered for the ODN-I lipoplex of (±) charge ra-
tio 2/1, was explained considering that the increase in lipid
content causes the linearisation of the secondary structures
predicted for that sequence, in this way allowing more gua-
nine nucleotides to be exposed to the electrode surface and
to be able to undergo oxidation. This is in accordance with
other results that referred that lipoplex formation can cause
changes to DNA conformation and even its denaturation
(Choosakoonkriang et al., 2003; Prasad et al., 2003).

Fig. 5 also shows the results obtained for ODN-VI and
ODN-VII in which the number of cytosines is constant but
the guanine nucleotides triplicate. In this case, the higher
values of peak-dG current registered with ODN-VII were
explained by the fact that ODN-VII has three times more
content in guanine than ODN-VI (Table 1) and the fact that
the number of negative charges per ODN also increases.
Again the tendency of the curve of peak-dG current versus
lipoplex (±) charge ratio was similar for both sequences.

The relation between the calculated slope for the curves
of peak-dG current versus lipoplex (±) charge ratio (be-
tween 1/2 and 2/1) inFig. 5and the guanine content in each
ODN sequence is presented inFig. 6. A linear dependence
was found between those two variables which implies that
the higher the content in guanine in relation to cytosine in a
particular ODN, the bigger the decrease in the peak-dG cur-
rent observed for guanine nucleotide oxidation as the ODN
lipoplex (±) charge ratio is increased. This means that in-
creasing the number of cytosines will stabilise the ODN
lipoplex making the oxidation of G residues difficult, which
is in agreement with previous results (Piedade et al., 2004).
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Fig. 6. Relation between{�I/(�lipoplex charge ratio)}, the change of
peak-dG current with change in lipoplex charge ratio, with ODN content
in guanine. Data obtained from the experiments presented inFig. 5.

3.4. Limit of detection of ODN in lipoplexes by voltammetry

The results obtained with all ODN lipoplexes studied
showed that the peak-dG current was maximum when a
lipoplex (±) charge ratio of 1/2 was used and that this value
was always higher than that obtained with the free ODN,
Figs. 2, 3, 5 and 7. This peak current enhancement caused
by the addition of small amounts of liposomes to an ODN
solution was used to verify the lipoplex transport effect on
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Fig. 7. (A) Base line corrected differential pulse voltammograms obtained
in 0.1 M phosphate buffer (pH 7.1) electrolyte solution for 100 ng/mL of
free ODN-VI (doted line) or in lipoplex of (±) charge ratio 1/2 (full line).
Adsorption at−0.10 V for 300 s was carried out in the lipoplex solution
before transferring the electrode for measurement in the electrolyte solu-
tion. Pulse amplitude 50 mV, pulse width 70 ms, scan rate 5 mV s−1. (B)
Plots obtained forI vs. ODN-VI concentration: ODN-VI lipoplex of (±)
charge ratio 1/2 (black circle); free ODN-VI (white circle).
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the ODN limit of detection (LOD). Hence, the relation be-
tween peak-dG current and ODN concentration using free
ODN-VI or ODN-VI lipoplexes prepared at a (±) charge ra-
tio of 1/2 was studied and the limit of detection (LOD) for
each case determined.

Fig. 7A shows differential pulse voltammograms ob-
tained for 100 ng/mL of ODN-VI and for the correspondent
ODN-VI lipoplex with a (±) charge ratio of 1/2. As can be
seen, the peak-dG current registered for the ODN lipoplex
was about three times higher than that obtained for the free
ODN.

The variation of peak-dG current versus ODN-VI con-
centration obtained for both cases is shown inFig. 7B.
Although the two curves follow the same tendency, it was
observed that peak-dG current values obtained in the ODN
lipoplex solution were always higher than the values found
in the free ODN solution, in the concentration range stud-
ied (10–20 000 ng/mL). A significant reduction of about
one order of magnitude in the LOD for the ODN was also
found when lipoplexes were used, as shown in the inset of
Fig. 7B. The LOD obtained by differential pulse voltamme-
try for the free ODN was 48 ng/mL (2 nmol), based on three
times the noise level (Brett and Oliveira-Brett, 1998), with
a good linearity between 100 and 1000 ng/mL, described by
the equationI (nA) = 0.041+ 0.003[ODN] (ng mL−1) (R
= 0.9990; S.D.= 0.048;N = 10). For the ODN lipoplexes
a lower LOD of 5.5 ng/mL (240 fmol) was achieved, with
a good linear response between peak-dG current and con-
centration in the range from 10 to 200 ng/mL described
by the equationI (nA) = 0.006+ 0.029[ODN] (ng mL−1)
(R = 0.9991; S.D.= 0.053;N = 6). The higher sensitivity
achieved with lipoplexes was found to be highly repro-
ducible with a R.S.D. of 4% found in five determinations
of 100 ng/mL of ODN-VI in the lipoplex.

The ODN-VI was chosen because it contains only one
guanine nucleotide so sequences with more guanine nu-
cleotides can be determined more easily.

Finally, the fact that the peak-dG current remains almost
constant for ODN concentrations higher than 10�g/mL,
Fig. 7B, indicates that all the experiments presented in this
work were done close to full electrode surface coverage by
the ODN lipoplexes (ODN concentrations inFigs. 1–5was
equal to 56�g/mL).

4. Discussion

It was shown that it is possible to determine by voltam-
metric techniques the effect of the ODN lipoplex (±)
charge ratio on the amount of ODN that is adsorbed at the
electrode surface where it can undergo oxidation, either by
reorganisation of the ODN lipoplexes at the electrode sur-
face/solution interface or by the dissociation mechanism of
ODNs from the lipoplexes during a positive voltammetric
scan. A model that explains these events at the electrode
surface/solution interface is of interest and considering

biological membranes as charged interfaces, it can give
insights into the dissociation of ODNs from lipoplexes at
the biological level, an important event for the success
of ODN delivery to target cells (Audory and Hoekstra,
2001; Pedroso de Lima et al., 2001; Ruponen et al., 2003).

4.1. Model for ODN lipoplexes behaviour at the
electrode/solution interface

Based on the previous work (Piedade et al., 2004) and
experimental results presented here and taking into account
other physicochemical properties and the structure of the
lipoplexes in general (Bordi et al., 2003; Choosakoonkriang
et al., 2003; Dunlap et al., 1997; Even-Chen and Barenholz,
2000; Prasad et al., 2003; Raedler et al., 1997; Weimin et al.,
2003; Wiethoff et al., 2002) and of the ODN lipoplexes
in particular (Jurkiewicz et al., 2003; Meidan et al., 2000,
2001), a model was proposed for the behaviour of ODN
lipoplexes at the electrode surface/solution interface and is
presented inScheme 2. The model is applicable to all the
ODN lipoplex (±) molar charge ratios studied and the two
cases, for low and high charge ratios, are discussed here.

In the case when lipoplexes are formed at charge ratios
lower than 1/1,Scheme 2I, the formation of large aggregates
of lipoplexes is not expected (Meidan et al., 2001) and the
population of lipoplexes will be mainly formed by unitary
liposome covered with several ODNs (Jurkiewicz et al.,
2003). When the GCE is immersed in the sample solution,
ODN lipoplexes diffuse from the bulk solution to the elec-
trode surface (Ia). The application of an adsorption potential
of −0.10 V changes the charge of the electrode surface and
the adsorption of ODN lipoplexes are preferred over free
ODN adsorption due to electrostatic interactions (Ib). Some
level of reorganisation in the adsorbed ODN lipoplexes is
assumed to occur and this reorganisation increases progres-
sively during the positive voltammetric scan (between+0.30
and +1.30 V), due to the increase in the positive charge
of the electrode surface (Ic). This interface charge change
leads to electrostatic attraction of the ODN and repulsion of
the cationic lipids that compose the lipoplexes, originating
two main layers (probably not completely homogeneous)
at the electrode surface/solution interface. During the pos-
itive scan, but before the oxidation potential of peak-dG
(≈+0.90 V), presumably all ODN remains sandwiched be-
tween the electrode surface and the liposomes. At the end
of the positive voltammetric scan (Id) almost all lipoplexes
have eventually been disrupted and, in this configuration,
neighbouring liposomes can fuse giving rise to a lipid bil-
amellar phase (Meidan et al., 2000; Monkkonen and Urtti,
1998).

In the case that the ODN lipoplexes are prepared at (±)
charge ratio higher than 1/1,Scheme 2II, clusters of the
ODN lipoplex aggregates are expected to be formed and
the size of each cluster is supposed to increase with charge
ratio (Meidan et al., 2000; Wiethoff et al., 2002). As in
the previous case, when the electrode is immersed in the
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Scheme 2. Proposed model for layer organisation of the ODN lipoplexes at the electrode/solution charged interface. Low (I) and high (II) lipoplex
molar charge ratio situations are presented as examples. (a) Formation of ODN lipoplexes and diffusion onto the electrode surface; (b) application of
an adsorption potential of−0.10 V during 300 s; (c) reorganisation of ODN lipoplexes during positive potential scan between+0.30 and+1.30 V in
electrolyte solution; (d) lateral fusion of neighbouring liposomes.

sample solution the ODN lipoplex clusters diffuse from the
bulk solution and adsorb onto the electrode surface (IIa).
But because of the expected greater ODN lipoplex clus-
ters, not all of the transported ODN will be close enough
to come into contact with the electrode surface during both
the adsorption procedure (IIb) and the positive voltammet-
ric scan. In this case the ODN lipoplex reorganisation cre-
ates multi-heterogeneous layers (IIc). A significant portion
of ODN stays in layers not in direct contact with the elec-
trode surface (IId) and this physical limitation is responsi-
ble for the decrease of peak-dG current observed for higher
lipoplex charge ratios (Figs. 2, 3 and 5).

5. Conclusions

Besides the application of ODN lipoplexes to improve the
sensitivity of the electrochemical detection of ODNs (Fig. 7),
it is possible to extend the applicability of electroanalytical
methods to study important parameters of lipoplexes used for
gene therapy purposes, as is the quantification of the amount

of genetic material protected or released by the lipoplex
formulation when in contact with a charged interface.

The results also showed that it is possible to distinguish
voltammetrically if a specific sequence of known content in
guanine is forming self-dimers and intra-strand structures in
the ODN lipoplex. If the value of peak-dG current is found
to be significantly below that expected from its guanine con-
tent (which can be determined easily through calibration)
this reflects the fact that not all guanine residues are acces-
sible to undergo oxidation, and can be used as a preliminary
experimental screening (or alert) for the presence of inter-
or/and intra-strand duplex structures.

In conclusion, the results presented demonstrate the
potential use of voltammetric techniques to study and char-
acterise physicochemical properties of ODN lipoplexes.
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