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a b s t r a c t

Since it was demonstrated that nanostructured surfaces are more efficient for the detection based on the
specific capture of analytes, there is a real need to develop strategies for grafting nanoparticles onto flat
surfaces. Among the different routes for the functionalization of a surface, the reduction of diazonium
salts appears very attractive for the covalent immobilization of nanoparticles because this method does
not require a pre-treatment of the surface. For achieving this goal, gold nanoparticles coated by precursor
of diazonium salts were synthesized by reduction of gold salt in presence of mercaptoaniline. These
mercaptoaniline-coated gold nanoparticles (Au@MA) were successfully immobilized onto various
conducting substrates (indium tin oxide (ITO), glassy carbon (GC) and gold electrodes with flat terraces)
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after addition of sodium nitrite at fixed potential. When applied onto the gold electrodes, such a grafting
strategy led to an obvious enhancement of the luminescence of luminol used for the biodetection.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

The detection of traces of toxic elements, pathogenic microor-
ganisms or disease biomarkers are of tremendous interest in order
to adopt as quickly as possible the most suited behavior facing to
the risk of workers and population contamination, epidemic or
exponential growth of tumors [1–4]. There is therefore a real need
to render sensors more efficient. The nanostructuration constitutes
an interesting route for improving the sensor sensitivity [3–5].
Indeed, the resulting surface area increase leads to a higher
amount of the probes onto the sensor surface. Moreover the corru-
gation favors the interaction between the capture probes and the
targets due to a better suited orientation of the probes. In the case
of gold surface, the corrugation is also accompanied by a catalytic
effect which leads to enhance the chemiluminescence of luminol
[6–8]. This was confirmed by the study of Cui et al. on the gold
nanoparticles self-assembled electrodes which exhibit electrocat-
alytic property and redox activity to the luminol electrolumines-
cence system [9]. The (electro)chemiluminescence enhancement
observed on these surfaces can be related to the fact that free
and especially agglomerated gold nanoparticles exert a catalytic
effect on the oxidation of the luminol [10–15]. Such an enhance-
ment can be exploited for lowering the detection threshold since
(electro)chemiluminescence of luminol is commonly used for
biosensing [16–18]. The nanostructuration of a surface can be
achieved by different physical and chemical routes. In the case of
gold, silver and gold–silver alloy surface, it has been demonstrated
that thermal treatment is appropriate for generating roughness
which is at the origin of an enhancement of luminol luminescence
by catalytic effect in the case of gold [6,7]. However the most intu-
itive strategy for obtaining nanostructured surface lies in the
immobilization of nanoparticles onto flat surfaces [19–25]. More-
over this strategy can be applied to a larger variety of substrates
in contrast to thermal treatment. In many cases, this requires the
derivatization of the substrates in order to ensure a strong grafting
of the nanoparticles. The research groups of Pinson and Belanger
opened the door to a versatile and robust method for derivatizing
a large range of substrates (metal (noble but also oxidizable met-
als), glassy carbon, cellulose (paper, wood, and wool). . .) [26–32].
They demonstrated that a thin layer of organic molecules can be
covalently bound to a substrate after reduction of functional
aryldiazonium salts. In the case of aryldiazonium salt with a

substituent in para position, this strategy allows the long-lasting
immobilization of various functional groups onto a substrate
which can confer novel properties to the materials or can be used
as anchoring sites for a further functionalization. The surface
chemistry can be therefore accurately tailored in order to immobi-
lize nanoparticles. Negatively charged gold nanoparticles (citrate
coated gold nanoparticles) were successfully grafted via electro-
static interactions onto gold after several chemical modification
steps of a thin film deposited through electrochemical reduction
of hydroxyethylaryldiazonium salts [33,34]. However, the chemi-
cal modification of the aryl layer can be avoided when nanoparti-
cles and film carry complementary reactive groups. Magnetic
iron oxide nanoparticles with amine functions can be indeed
immobilized by electrostatic interactions with carboxylate groups
present in the organic film obtained by electrochemical reduction
of 4-carboxyphenyldiazonium tetrafluoroborate [35]. In order to
avoid the surface derivatization step of the substrate, the use of
nanoparticles coated by diazonium precursors can be envisaged
for directly grafting nanoparticles onto a naked substrate. Despite
the advantages that this direct strategy could afford, the studies
devoted to the one-step grafting of nanoparticles on bare substrate
through electrochemical reduction of diazonium-coated nanopar-
ticles are rare. In previous study, diazonium functionalized silica
particles (�150 nm) were covalently attached onto a naked gold
surface [36]. The electrochemical reduction of diazonium moieties
led to the formation of particle clusters onto gold surface. Although
a precise control of the surface functionalization is not achieved,
this pioneering study is very encouraging because it obviously
demonstrated that the use of diazonium functionalized particles
can be covalently attached on bare substrate. Owing to their attrac-
tive properties (tunable optical and catalytic properties), the cova-
lent attachment of gold nanoparticles via the electrochemical
reduction of diazonium cation appears as a promising route for tai-
loring sensitive surface of sensor. For achieving this, we developed
the synthesis of mercaptoaniline-coated gold nanoparticles
(Au@MA) and an electrochemical method for their covalent attach-
ment on glassy carbon (GC), indium tin oxide (ITO) and gold elec-
trodes. The aromatic primary amine of mercaptoaniline is indeed
expected to behave as a diazonium precursor which can be con-
verted in situ using sodium nitrite during the electrochemical step
as demonstrated by Belanger et al. in the case of the grafting of
diaminobenzene molecules (Scheme 1) [37]. Finally the potential

Scheme 1. Electrochemical grafting of Au@MA nanoparticles on a conductive substrate.
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