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a b s t r a c t

In this work, we describe the preparation and characterization of a novel gold nanoparticles-polyaniline
hybrid composite (AuNpPANI) with SH-terminal groups that, due to its ability of immobilizing dengue
serotype-specific primers 1, 2 and 3 (ST1, ST2 and ST3), can be used for the development of biosensors.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were performed. CV and
EIS results demonstrated that the AuNpPANI can immobilize ST1, ST2 and ST3, forming AuNpPANI-ST
eywords:
engue
NA
yclic voltammetry
lectrochemical impedance spectroscopy

complexes. Well-defined cyclic voltammograms characteristic of a diffusion-limited redox process were
observed both for the bare gold electrode and after these electrodes have been modified by the adsorp-
tion of AuNpPANI or AuNpPANI-ST. The AuNpPANI-ST(1–3) systems were able to recognize the dengue
serotype of different patients at picomolar concentrations. Even when small volumes and low concen-
trations of the analyte were used, the CV and EIS results showed unequivocal evidence of an existing
interaction between dengue serotype-specific primers and their complementary genomic DNA targets.
. Introduction

The dengue virus causes more illness and death than any other
rbovirus diseases, particularly in developing countries, where
engue viral infections are reaching plague proportions [1]. Detec-
ion and classification of the dengue virus requires 4–5 days for
ts isolation and cultivation. PCR methods can rapidly detect the
iral RNA from the patients’ serum in the viremis phase but their
ore widespread use is hindered not only due to the possibility

f sample contamination, but also their characteristic demands of
igh technological support. Hence there is a need for diagnostic
ethods that, in a reliable manner, could identify the disease and

llow the treatment of the dengue virus infection still in its initial
tage [2]. Ideally, dengue biosensors should also be able to detect
he presence of an analyte in minutes while using small volumes
f sample [3].
Use of DNA biosensor for the detection of nucleic sequences
olds an enormous possibility for disease diagnosis, drug screening,
nd forensic analysis [4]. Many techniques including electrochem-
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istry, surface plasmon resonance and quartz crystal microbalance
have been used for the development of DNA biosensors. Electro-
chemistry techniques offer sensitivity and selectivity at low cost
for the detection of selected DNA sequences associated with human
disease [5] and electrochemical biosensors for DNA hybridization
present attractive capacity for converting the hybridization event
into an analytical signal [6].

In the last two decades, conductive polymers have attracted
much interest due to their high conductivity, ease of prepara-
tion, good environmental stability, and large variety of possible
applications in areas such as light emitting, electronic devices,
and chemical sensors [7]. Polyaniline (PANI) has been proven
particularly useful in the development of biosensors [8]. In espe-
cial, polymer–nanoparticle composite materials have attracted the
interest of a number of researchers, due to their synergistic and
hybrid properties derived from their diverse components [9,10].

In this work, we describe the development a sensitive
layer based on gold nanoparticles-polyaniline hybrid composite
(AuNpPANI) (Fig. 1a) that can be used for monitoring the hybridiza-
tion of dengue serotype virus, while requiring the use of small

volumes and low concentrations of the analyte. We have applied
self-assembly techniques based on the initial chemical adsorp-
tion of SH-terminal groups of AuNpPANI on the gold electrode
surface and on the subsequent electrostatic interaction between

dx.doi.org/10.1016/j.colsurfb.2011.04.028
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:csrandrade@gmail.com
dx.doi.org/10.1016/j.colsurfb.2011.04.028
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Fig. 1. Schematic representation of AuNpP

he (positively charged) AuNpPANI and the (negatively charged)
erotype-specific primers (Fig. 1b).

. Experimental

.1. Materials

Complementary sequence of human patient’s genome classified
erotype 1, 2 and 3 (DEN1, DEN2 and DEN3 genome sequences)
nd the serotype-specific primers were obtained from Instituto
ggeu Magalhães – FIOCRUZ (located in Recife, Brazil), which
ere obtained in according to Cordeiro and collaborators [11]. The

erotype-specific base sequences (ST) for type 1, 2 and 3 [12] are,
espectively:

Serotype 1 (ST1): 5′-CGTCTCAGTGATCCGGGGG-3′

Serotype 2 (ST2): 5′-CGCCACAAGGGCCATGAACAG-3′

Serotype 3 (ST3): 5′-TAACATCATGAGACAGAGC-3′

HAuCl4·3H2O and 3-mercaptopropyl-trimethoxysilane (MPTS,
S(CH2)3Si(OCH3)3) were purchased from Sigma Chemical (St.
ouis, MO, USA), while aniline and potassium ferri- and ferro-
yanide were obtained from VETEC (Brazil). All chemicals and
olvents were of analytical grade and they have been used as
eceived, without further purification. Water used was obtained
fter passing through a Milli-Q plus (Billerica, USA) purification
ystem.
.2. AuNpPANI preparation

Hybrid organic–inorganic composites were obtained according
o de Melo and collaborators [13]. The preparation of AuNpPANI
nthesis (a) and biosensor construction (b).

was performed according to Refs. [13,14]. The preparation of
AuNpPANI was performed in a round bottom glass flask containing
ethanol (20 mL) and the compounds: aniline (0.030 mol/L), MPTS
(6.46 × 10−2 mol/L), and HAuCl4·3H2O (0.81 mmol/L), which were
subsequently added and subject to agitation (1100 rpm) for 48 h.
Thus, the samples were centrifuged for 10 min at 12,000 RPM (to
remove the excess of MPTS), and subsequently added 500 �L of
0.1 M HCl to obtain positively charged PANI and promotes the
hydrolysis of MPTS. The H+ ion from HAuCl4 leads to the formation
of anilinium cations (PhNH3+), a process that involves the genera-
tion of a radical cation accompanied by the release of an electron.
[AuCl4]− acts as an oxidizing agent capable of oxidizing PhNH3+

[14], resulting in polyaniline as the oxidative product (Fig. 1a).
Each step during the polymerization process involved the release
of electrons that reduce the [AuCl4]− to form gold atoms, which
are encapsulated and stabilized by PANI (Fig. 1a). While authors
have prepared similar AuNpPANI composites [14–16], up to now
no AuNpPANI systems with SH-terminal groups on the compos-
ite surface have been obtained. In our work, we have used MPTS
to stabilize the formed nanocomposites due to the strong coor-
dination of a mercapto group to Au. Subsequently, we promoted
the hydrolysis of MPTS to obtain free thiol group on the surface
[17].

2.3. Immobilization of probe ST-modified electrode and
hybridization with genomic DNA target at picomolar
concentration
The AuNpPANI-modified electrode was obtained by dropping
AuNpPANI solution on the bare gold electrode surface at 25 ◦C
for 2 min. Then, the AuNpPANI-modified electrode was rinsed
with ethanol solution to remove non-adsorbed particles. The ST
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ig. 2. Representative SEM images of the AuNpPANI-ST1 system (a) and AuNpPAN
he aggregation of AuNpPANI-ST1-DENcomplementary.

mmobilization was performed with the AuNpPANI-modified elec-
rode incubated into 0.05 pM probe ST in 10 mM phosphate buffer
aline (PBS) solution for 5 min at room temperature. The immobi-
ized electrode was then rinsed with PBS solution (pH = 7.0) and
tored at 4 ◦C for the hybridization. The hybridization experiments
ere carried out by immersing the AuNpPANI-ST-modified elec-

rode into different concentrations of genomic DNA target sequence
n 10 mM PBS solution. Finally, the hybridized electrodes were
insed with PBS. The scanning electron microscopy images were
btained from a JSM 5900 (JEOL Instruments, Japan) at an acceler-
tion voltage of 15 kV and a working distance of 5 �m [18].

.4. Electrochemical measurements

The impedance spectra were recorded in the frequency range of
00 MHz to 100 kHz (PGSTAT 302N, Autolab, The Netherlands). The
mplitude of the applied sine wave potential was 10 mV. The cor-
esponding values of the real and imaginary parts of the impedance
Z′ and Z′′, respectively) were processed through the FRA software
Autolab, The Netherlands). CV was performed with a potential
weeping between −0.2 V and +0.7 V at a scan rate of 50 mV s−1.
three-electrode setup with an Ag/AgCl (saturated KCl) reference

lectrode was employed throughout the investigation. A platinum
ire and a modified gold disc (d = 2 mm) were used as auxiliary and
orking electrodes, respectively. CV and EIS measurements, per-

ormed in the presence of a 10 mM K4[Fe(CN)6]4−/K3[Fe(CN)6]3−

1:1) solution used as a redox probe in PBS, were carried out
t different stages of the preparation of the modified electrode
19].

. Results and discussion

.1. SEM analysis

The SEM technique was employed to confirm the electrode sur-
ace modification. In Fig. 2a we show a SEM image of a gold surface
oated with AuNpPANI-ST1 system, where a homogeneous dis-
ribution of the AuNpPANI composite can be seen. In Fig. 2b we
ould see that AuNpPANI agglomerates are present when the DEN1
enome sequence (complementary target) is hybridized with the
engue ST1. The formation of such agglomerates may be due to
ifferences in DEN1, DEN2 and DEN3 genome sequences, since the

erotype-specific base sequences for type 1 presents the longest
enome sequence [20–22]. These results were later confirmed by
oth CV and EIS analyses, which indicated a higher hybridization
rocess for the serotype 1 than for the serotypes 2 and 3.
exposed to serum from patient infected by dengue type I (b). In the inset we show

3.2. Cyclic voltammetry of K4[Fe(CN)6]4−/K3[Fe(CN)6]3− at the
AuNpPANI-ST-modified electrode surface

The electron transfer of ferricyanide through the modified
electrode could be used as a valuable tool to monitor the differ-
ent stages of the electrode fabrication process. Fig. 3 shows the
cyclic voltammograms obtained for different systems: pure ST1
(Fig. 3a), ST2 (Fig. 3b) and ST3 (Fig. 3c) serotypes, measured at
a scan rate of 50 mV s−1. The bare gold electrode presents a pair
of well-defined redox peaks, showing the reversible process of
K4[Fe(CN)6]4−/K3[Fe(CN)6]3− in solution phase (Fig. 3, curve a). The
assemblage of the AuNpPANI composite atop the electrode surface
induced a decrease in the peak current (Fig. 3, curve b). Finally,
curve c in Fig. 3 corresponds to the electrochemical behavior of
redox pair after the probe ST has modified the electrode: here,
the peak current is lower than that of curve b, in an indication
that the probe ST for each dengue serotype has been success-
fully immobilized on the surface of the modified electrode. The
decrease in the peak current could be assigned to the repulsion of
K4[Fe(CN)6]4−/K3[Fe(CN)6]3− by the negatively charged phosphate
backbone of probe ST(1–3). After the occurrence of the hybridiza-
tion of the modified electrode with the target complementary DEN
for ST(1–3), the peak current of redox pair was observed to suffer
a further decrease (Fig. 3, curve d). The introduction of comple-
mentary genomic DNA increases the negative charge and therefore
the repellence of the redox species. This change in charge upon
hybridization induces a further increase in the resistance, in what
constitutes the basis for the sensing mechanism of the detector. The
AuNpPANI-ST(1–3) system responses to a non-complementary tar-
get can be visualized in curve e (Fig. 3), which shows no changes in
the K4[Fe(CN)6]4−/K3[Fe(CN)6]3− redox species.

3.3. Electrochemical impedance spectroscopy of modified
electrode surface

Fig. 4a shows the Nyquist plots of the differently modified elec-
trode when the frequency was varied from 100 MHz to 100 kHz.
An almost straight line was observed for the bare gold electrode,
which is a characteristic of an electron transfer process controlled
by mass diffusion and a low RCT (8.62 × 102 �). The assemblage
of the AuNpPANI composite on the electrode surface induced an
increase in the interfacial RCT (curve b) as compared to the cor-
responding one of the bare gold electrode, in an indication of a
blockage in the electron transfer. Results indicated that the RCT

has its value increased to 1.51 k� with the further assembly of the
AuNpPANI composite.

The ST1 immobilization on the AuNpPANI-modified electrode
results in an increase of RCT from 1.51 k� to 2.12 k� (curve c),
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ig. 3. Cyclic voltammograms of the electrode for serotype 1 (a), serotype 2 (b) and
uNpPANI-ST (�), AuNpPANI-ST-DENcomplementary (–) and AuNpPANI-ST-DENno

hich could be ascribed to the repellence of redox probe from
he approaching electrode surface by negative-charged phosphate
keletons of ST. After the ST1 probe hybridizes with the DEN1
enome sequence (complementary target), a new increase in the
alue of RCT to 3.6 k� was obtained (curve e), indicating the occur-
ence of a specific biomolecular interaction. In fact, no similar
esults were observed for the case of the AuNpPANI-ST-DNAnon-
omplementary experiments (curve d). As observed before, the
igher response obtained in the case of the dengue ST1 (as com-
ared to the others serotypes) represents a specific response to
he complementary genomic DNA dengue (DEN1) (see inset of
ig. 4a).

The highest RCT value obtained could also be attributed to the
ow conductivity of the DNA structure, which contributes to a
eduction of the redox pair. This also proved that the ST was immo-
ilized on the gold surface, and that the target genomic DNA was
ybridized with the ST probe.

The Randles model (Fig. 4b) [23] is used as an equivalent circuit
o describe the data of electrochemical impedance measurements;
he fitting of the measured spectra is shown in Fig. 4a, where a
ood agreement can be observed over the entire range of mea-
ured frequencies. The general equivalent electric circuit (Randles)
23] includes the ohmic resistance of the electrolyte solution (R�),

he Warburg impedance (W) resulting from ion diffusion from the
ulk electrolyte to the electrode interface, the double layer (Cdl),
nd the charge-transfer resistance (RCT), which are admitted to
xist when the electrolyte solution contains a redox probe. In the
ype 3 (c) at different stages of the process: bare gold electrode (�), AuNpPANI (×),
plementary (©).

AuNpPANI-ST-DEN(1–3) system, R� and W denote, respectively,
the bulk properties of the electrolyte solution and the diffusion
features of the redox probe in the solution.

The best EIS parameters for this system were calculated from
the data shown in Fig. 4a and are presented in Table 1. As discussed
before, the stepwise increase of the RCT for AuNpPANI, AuNpPANI-
ST(1–3) and AuNpPANI-ST(1–3)-DENcomplementary indicate the
formation of insulating films of AuNpPANI and DNA on the gold
electrode surface. The Cdl value largely depends on the dielectric
constant of the layer separating the ionic charges and the elec-
trode surface, on the surface area of the electrode, and on the
thickness of the separation layer. A large decrease in the Cdl value
was observed when the AuNpPANI-TS1 system was introduced
with the complementary target. Therefore, we observed that the
value of RCT depends on the insulating characteristics of the elec-
trode/electrolyte interface.

Our results show the occurrence of a high RCT value for
the AuNpPANI-ST-DENcomplementary system at different dengue
types. Since it is well known that high RCT values are usually asso-
ciated to the blockage of the electrode surface [23], we can assume
that we have identified that a specific binding of target and probe
exists in our system. Conversely, the low RCT value obtained for the
AuNpPANI-ST-DENnon-complementary seems to be due to non-

specific binding. This impedance change could also be used for
the characterization of DNA hybridization. The impedance experi-
ments for differently modified electrodes were in good agreement
with the results by CV experiments.
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Fig. 4. Nyquist plots of the electrode at different stages (a), equivalent circuit adopted to fit the impedance data (b) and �Rct versus complementary target concentration
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c). Bare gold electrode (�), AuNpPANI (�), AuNpPANI-ST (�), AuNpPANI-ST-DENc
f AuNpPANI-ST(1–3)-DENcomplementary.

The results presented in Fig. 4a clearly show that the DNA
robe remain capable of recognizing the complementary target, as
evealed by the increase of RCT. Hence, the performance of the mod-
fied electrode for detection of dengue DNA target may be evaluated
hrough the relative variation of this parameter (�RCT), according
o the equation:

RCT (%) =
(

RCT(ST-DENcomplementary) − RCT(ST)
RCT(ST)

)
× 100

Here, while RCT(ST) is the value of the charge-transfer
esistance of the AuNpPANI-ST-modified electrode, RCT(ST-

ENcomplementary) corresponds to the charge-transfer resistance
f the AuNpPANI-ST after exposing it to the solution containing
omplementary and non-complementary genomic samples. The
orresponding results are presented in Table 1, for fixed concen-

able 1
alues of the equivalent circuit elements from fitted impedance results and relative char

Modified electrode R� (k�) RCT (k�)

Bare gold electrode 0.69 ± 0.05 0.82 ± 0
AuNpPANI 0.63 ± 0.05 1.50 ± 0
AuNpPANI-ST1 0.63 ± 0.09 1.92 ± 0
AuNpPANI-ST1-DENcomplementary 0.58 ± 0.07 3.60 ± 0
AuNpPANI-ST1-DENnon-complementary 0.62 ± 0.04 2.14 ± 0
AuNpPANI-ST2 0.50 ± 0.08 1.83 ± 0
AuNpPANI-ST2-DENcomplementary 0.64 ± 0.06 3.13 ± 0
AuNpPANI-ST2-DENnon-complementary 0.61 ± 0.09 2.07 ± 0
AuNpPANI-ST3 0.61 ± 0.06 1.33 ± 0
AuNpPANI-ST3-DENcomplementary 0.55 ± 0.08 2.19 ± 0
AuNpPANI-ST3-DENnon-complementary 0.62 ± 0.10 1.50 ± 0
mentary (�) and AuNpPANI-ST-DENnon-complementary (×). Inset: Nyquist plots

trations of DEN complementary and non-complementary samples
(7 pM). The results obtained for ST(1–3) demonstrate the capabil-
ity of recognition of specific targets via the hybridization process.
The obtained value of �RCT for ST1 (87.5%) was higher than for
ST2 (71.03%) and ST3 (64%). These results allow us to suggest that
AuNpPANI-TS biosensors can be successfully applied for biodetec-
tion of the genome of human patients.

To evaluate the hybridization reaction between AuNpPANI-TS1
and complementary target, we exposed this system to various con-
centrations of target type 1 (Fig. 4c). It was found that the �RCT
values increased with the concentrations. These results clearly

confirm that the observed impedance changes originate from well-
defined specific hybridization process.

The reproducibility of the biosensor system was evaluated from
the �RCT response (Fig. 4c) of three different patients for each

ge transfer variation from impedance data.

Cdl (�F) W (� cm2) (×10−4) �RCT (%)

.06 10.38 ± 0.12 5.36 ± 0.07 –

.05 5.48 ± 0.07 3.33 ± 0.05 –

.06 6.12 ± 0.08 3.53 ± 0.07 –

.08 5.30 ± 0.11 1.50 ± 0.04 87.50

.10 5.51 ± 0.07 3.08 ± 0.09 11.45

.04 6.73 ± 0.03 4.40 ± 0.06 –

.07 5.11 ± 0.13 4.25 ± 0.04 71.03

.09 6.61 ± 0.05 4.36 ± 0.09 13.11

.04 5.53 ± 0.09 4.28 ± 0.05 –

.09 5.18 ± 0.11 4.49 ± 0.12 64.70

.03 5.21 ± 0.06 4.40 ± 0.09 12.80
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H.P.O. Nascimento et al. / Colloids and

engue serotype ST1, ST2 and ST3 at different biosensors (n = 3)
nd an acceptable R.S.D. values of 4.33%, 4.27% and 3.90% for
omplementary sequence of ST1, ST2 and ST3, respectively, were
bserved confirming the efficiency of the biosensor. These results
ndicate the suitability of the biosensor to practical applications.
ur biosensor has valuable characteristic of effectively detecting

he presence of the dengue virus in minutes while using small
olumes of sample as compared to standard alternative tech-
iques.

. Conclusions

We have shown that AuNpPANI-ST(1–3) systems are capable of
etecting dengue serotypes 1, 2 and 3 at picomolar concentrations
ith high specificity and reproducibility. EIS and CV measurements

howed that redox probe reactions on the modified gold elec-
rodes were partially blocked due the adsorption of AuNpPANI and

progressive blockage was observed at each modification step.
he AuNpPANI-ST system exhibited a highly selectivity response
o the complementary target of human patient’s dengue genome;
ence, we suggest that they could be used for the development
f dengue serotype biosensors that are functional even in the
resence of small volumes and low concentrations of the ana-

yte.
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