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H I G H L I G H T S G R A P H I C A L A B S T R A C T

� For the first time functionalized NPs
immobilized in LB films have been
used as voltammetric sensors.

� Films showed excellent electrocata-
lytic properties toward phenols and
acids found in wines.

� Improved performance is due to
combination of electrocatalytic NPs
with the high surface/volume of LB
films.

� The potential applications in the
wine industry have been evidenced.
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A B S T R A C T

A chemically modified electrode consisting of Langmuir–Blodgett (LB) films of n-dodecanethiol
functionalized gold nanoparticles (SDODAuNP-LB), was investigated as a voltammetric sensor of organic
and phenolic acids of interest in the wine industry. The nanostructured films demonstrated interfacial
properties being able to detect the main organic acids present in grapes and wines (tartaric, malic, lactic
and citric). Compared to a bare ITO electrode, the modified electrodes exhibited a shift of the reduction
potential in the less positive direction and a marked enhancement in the current response. Moreover, the
increased electrocatalytic properties made it possible to distinguish between the different dissociable
protons of polyprotic acids. The SDODAuNP-LB sensor was also able to provide enhanced responses toward
aqueous solutions of phenolic acids commonly found in wines (caffeic and gallic acids). The presence of
nanoparticles increased drastically the sensitivity toward organic acids and phenolic compounds. Limits
of detection as low as 10�6mol L�1 were achieved. Efficient catalytic activity was also observed in
mixtures of phenolic acid/tartaric in the range of pHs typically found in wines. In such mixtures, the
electrode was able to provide simultaneous information about the acid and the phenol concentrations
with a complete absence of interferences.
The excellent sensing properties shown by these sensors could be attributed to the electrocatalytic

properties of the nanoparticles combined with the high surface to volume ratio and homogeneity
provided by the LB technique used for the immobilization. Moreover, the LB technique also provided
an accurate method to immobilize the gold nanoparticles giving rise to stable and reproducible
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sensors showing repeatability lower than 2% and reproducibility lower than 4% for all the
compounds analyzed.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

The organoleptic and antioxidant properties of grapes and
wines are closely related to their chemical composition. The
organic acid content of grapes, musts and wines is of interest
because its important influence on their sensory properties such as
flavor, taste, color and aroma. Organic acids also affect the juice
stability and are used as indicators of microbiological alterations in
the beverage [1,2]. The principal organic acids found in grapes and
therefore in wines, are tartaric and malic acids. Other acids such as
citric acid are present in smaller amounts [3]. During the course of
winemaking and in the finished wines other acids such as lactic
acid can play significant roles.

Grapes and wines are also rich in phenolic compounds. Such
compounds have attracted great interest due to their antioxidant
activity and their important influence in the organoleptic
properties [4,5]. In particular, phenolic acids, such as gallic and
caffeic acids have been studied for their antioxidant capacity and
for acting as venous dilators [6].

Various analytical methods have been reported for the
determination of organic acids and phenolic compounds in wines
and grapes including gas chromatography, HPLC, spectroscopic or
electrochemical techniques [7–9]. Electrochemical measurements
have certain advantages for the determination of antioxidants. For
instance, the oxidation potentials measured by cyclic voltammetry
(CV) have been used to compare the antioxidant strength of
compounds such as phenolic acids, flavonoids, cinnamic acids, etc.
being the glassy carbon electrode (GCE) the more frequently used
electrode [10–14]. Chemically modified electrodes have also been
successfully used as sensitive and selective tools for determination
of many organic substances and some of them have been dedicated
to the detection of organic acids and/or phenolic compounds [15–
18]. Voltammetric electrodes have been successfully integrated in
multisensor systems for the analysis of complex liquids [19,20].

Gold nanoparticles (AuNPs) have received great interest in the
field of electrochemical sensors [21]. Their small size provides high
surface to volume ratios that are the reason of their unique
electronic and catalytic properties [22–26]. But in a number of
applications, the benefits of using nanoparticles have not been
fully exploited due to the lack of strategies for positioning the
particles in ordered, homogeneous and reproducible solid-state
devices. Recently, attempts have been made to immobilize NPs
onto solid substrates using the Langmuir–Blodgett (LB) technique
[27–30]. To obtain such ordered monolayers, nanoparticles must
be capped to induce the amphiphilic character necessary for the LB
technique [31].

Therefore, the aim of this work was to analyze the electro-
chemical and electrocatalytic properties of LB films of amphiphilic
gold nanoparticles capped with n-dodecanethiol (SDODAuNP-LB)
and to evaluate their capability to detect organic acids and
antioxidant acids of interest in the wine industry. For this purpose,
the main organic acids found in wines (tartaric, malic, lactic and
citric acids) and two important phenolic acids including one
diphenol (caffeic acid) and one triphenol (gallic acid) were
analyzed by means of cyclic voltammetry. The electrocatalytic
properties, the dynamic character and the detection limits were
evaluated. The possible interferences caused by organic acids in
the detection of phenols were also analyzed.

2. Experimental

2.1. Reagents and solutions

All experiments were carried out in deionized Milli-Q water
(Millipore, Bedford, MA). Inorganic salts, organic acids (DL-malic
acid, L(+)-tartaric acid and lactic acid), phenolic acids (caffeic and
gallic acids), dodecanethiol, tetrachloroaurate tetrahydrate, tet-
raoctylammonium bromide and NaBH4 were purchased from
Sigma–Aldrich. Commercially available reagents and solvents were
used without further purification.

10�3mol L�1 stock solutions of organic acids and phenolic
compounds were prepared by solving the corresponding com-
pound in KCl (0.1 mol L�1). Solutions with lower concentration
were prepared from the stock solutions by dilution. The mixtures
phenol/organic acid were prepared by mixing the corresponding
volume of the 10�3mol L�1 stock solutions in proportions 40:10;
25:25 and 10:40 to obtaining a final volume of 50 mL. The final
concentrations of the mixtures were 8 � 10�4:2 � 10�4; 5 �10�4:5
� 10�4; 2 � 10�4:8 � 10�4mol L�1.

2.2. Apparatus

LB films were prepared in a USI-3-22 film balance (USI Co., Ltd.)
equipped with a Wilhelmy plate to measure the surface pressure.
TEM images were obtained using a Jeol JEM-1011 electron
microscope operated at an accelerating voltage of 100 kV.

The electrochemistry was carried out in an EG&G PARC
273 potentiostat/galvanostat.

2.3. Preparation of nanoparticles

Dodecanethiol-functionalized Au nanoparticles (SDODAuNP)
were prepared using the Brust's two-phase method [32]. A
quantity 15.8 mL of a 24.3 � 10�3mol L�1 aqueous solution of
HAuCl4 was added to a 2.9 � 10�3mol L�1 phase transfer reagent,
tetraoctylammonium bromide, dissolved in toluene (15 mL), and
the mixture was stirred for 10 min. The toluene phase was
subsequently collected and 1.5 mL of a 49 � 10�3mol L�1 toluene
solution of dodecanethiol (DOD) was added. The solution was
stirred for 2 h. Then, 2 mL of a 2.11 mol L�1 aqueous solution of
NaBH4 was added. The reaction mixture was vigorously stirred at
room temperature for 12 h, and the toluene phase was collected.
Since the size distribution of the resulting SDODAuNP was quite
broad, the dispersion was refluxed at 80 �C for 24 h to obtain
monodisperse SDODAuNP. The resulting SDODAuNP were washed
five times with acetone to remove the phase transfer reagent,
excess DOD and reaction byproducts. The resulting particles have a
narrow size distribution with an average diameter of 4.9 � 0.5 nm.

2.4. Preparation of LB films

The toluene dispersion of SDODAuNP was spread onto the air/
water interface to make the monolayer of Au NPs. The surface
pressure-area (p-A) isotherm was measured at room temperature
using a Wilhelmy balance. The monolayer of SDODAuNP was then
transferred onto ITO substrates at a surface pressure of 10 mN m�1

to obtain LB films.
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2.5. Electrochemical studies

The LB films were used as working electrodes of a conventional
three electrode cell. The reference electrode was Ag|AgCl/KCl 3 M
and the counter electrode was a platinum plate. Cyclic voltam-
metry was carried out at room temperature with a scan rate of
0.1 V s�1 in the potential range of �1.0 V and +1.0 V (vs. Ag/AgCl).

The repeatability of the voltammograms was evaluated from
5 repetitions on each sample. The reproducibility of data provided
by the SDODAuNP was evaluated by comparing data provided by
three sensors measuring identical samples in different days.

The dynamic character of the films was characterized by
registering voltammograms at increasing scan rates from 0.01,
0.025, 0.050, 0.2, 0.5 to 1.0 V s�1.

The calibration curves were constructed form solutions with
concentrations ranging from 1 �10�3 to 1 �10�5mol L�1.

The limits of detection (LOD) were calculated following the
3SD/m criterion, where m is the slope of the calibration graph, and
SD was estimated as the standard deviation (n = 5) of the
voltammetric signals at the concentration level corresponding to
the lowest concentration of the calibration plot [33].

3. Results

3.1. Structural characterization

Fig. 1 shows a TEM image of LB monolayer of SDODAuNP
transferred on a TEM-copper grid at a surface pressure of
10 mN m�1, which is the same transfer condition that we prepared
SDODAuNP monolayer onto ITO substrates. SDODAuNP were in a
relatively random array, but the single layer was densely covered
with the substrate. The diameter of SDODAuNP was 4.9 � 0.5 nm.
The density of SDODAuNP was evaluated from the TEM image and
found to be �30 nm2/particle.

3.2. Electrochemical response in simple electrolytes

As a first electrochemical characterization, cyclic voltammo-
grams of bare ITO and of SDODAuNP-LB on ITO immersed in
0.1 mol L�1 solutions of different electrolytes (KCl, KBr, KNO3, KClO4

and MgCl2) were registered. Fig. 2 compares the voltammograms
obtained from a bare ITO and from a SDODAuNP-LB electrode in KCl
and MgCl2 solutions over a potential range from �1.0 to +1.0 V.

For the bare ITO electrode, no observable faradaic current
appeared either on the forward or reverse scans regardless the
electrolyte used. Whereas, the cyclic voltammogram for the
SDODAuNP-LB modified electrode immersed in KCl (Fig. 2a) showed

the typical response of gold nanoparticles with the oxidative peak
at 0.7 V corresponding to gold oxide formation during the forward
scan alongside the reduction peak at 0.17 V responsible for the
reduction of gold oxide during the reverse scan [34,35]. The
reduction of protons from water was promoted in the presence of
SDODAuNP as indicated by the presence of a cathodic peak at ca.
�0.75 V that was absent on neat ITO glass.

Voltammograms registered in the presence of other electrolytes
containing potassium ion (KBr, KNO3 or KClO4) were quite similar.
The peak positions did not change and only small modifications in
the redox peak currents were observed. However, in the presence of
divalent cations (such as Mg2+ from MgCl2) the intensity of the redox
peaks corresponding to gold oxidation/reduction decreased. Simul-
taneously, the peak corresponding to the reduction of protons from
water was displaced to more negative potentials (Fig. 2b).

From these results, it can be concluded that cations instead of
anions diffuse inside the films to maintain the electroneutrality
during the scan. In addition, when the cation radius increased, the
redox peak potential of the reduction of protons from water moved
to more negative potentials decreasing the electrocatalytic activity
of the SDODAuNP-LB sensor.

In all electrolytes analyzed, the intensity of the peaks increased
linearly with the scan rate pointing to an electron transfer limited
process (due to the electrochemical activity of the nanoparticles
deposited at the surface of the electrode) with regression
coefficients in the range of 0.990–0.995.

3.3. Electrocatalytic effect of SDODAuNP-LB toward organic acids

SDODAuNP-LB modified electrodes were used to analyze organic
acids typically found in grapes and wines. The study included theFig. 1. TEM image of SDODAuNP LB monolayer transferred onto a TEM-copper grid.

Fig. 2. Cyclic voltammograms of bare ITO (dotted line) and SDODAuNP-LB (solid line)
sensors immersed in (a) 0.1 mol L�1 KCl and (b) 0.1 mol L�1MgCl2. Scan rate 0.1 V s�1.
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two main organic acids present in wines (tartaric and malic acids),
one acid present in minor proportion (citric acid) – all of them
coming from the oxidation of sugars –, along with lactic acid which
is an example of acid generated by microbial activity. The
electrocatalytic effect of SDODAuNP-LB electrodes was analyzed
in 10�3mol L�1 solutions of the corresponding organic acid by
comparing the cyclic voltammograms observed at the bare ITO
electrode and at the SDODAuNP-LB electrodes (Fig. 3).

None of the organic acids studied produced noticeable
electrochemical responses when analyzed with a bare ITO
electrode. However, the modified electrode catalyzed the reduc-
tion of the liberated protons and intense oxidation/reduction
processes were observed at negative potentials.

The different electrochemical behaviors were related to the
chemical nature of the acids analyzed. The voltammetric response
of lactic acid (monoprotic acid, pKa = 3.90; pH of a 10�3mol L�1

sol. = 3.43) showed only one reduction peak at �0.85 V that
corresponds to the reduction of the dissociated H+ proton. In malic
acid (diprotic acid; pK1 = 3.48; pK2 = 5.10; pH of a 10�3mol L�1

sol. = 3.18), two well-separated electrochemical reduction peaks
for each one of the dissociated protons were observed at about
�0.85 V and �0.95 V. The corresponding oxidations occurred at
�0.4 V and �0.5 V. The response of tartaric acid (diprotic acid;
pKa1 = 2.98 and pKa2 = 4.34; pH of a 10�3mol L�1 sol. = 2.93) also
showed the reduction of the two protons (�0.85 V and �0.9 V). The
oxidations were observed at �0.4 V and �0.5 V. It is important to
notice that in tartaric acid, the redox peaks were not well resolved
in both the forward and the reverse scans. It is also interesting to
notice that the Ipa/Ipc ratio was much higher for tartaric acid than
for malic acid. The fact that tartaric and malic acids showed
different responses are of particular interest for the wine industry
since tartaric and malic acids are the most prevalent acids present
in wines. Moreover, malic acid shows a continuous decrease
during ripening whereas tartaric acid remains almost unchanged.
Therefore, different ratios can be obtained during ripening and the
optimum harvest date can be established from their ratio.

The response of citric acid (triprotic acid; pK1 = 3.09;
pK2 = 4.75 and pKa3 = 6.41; pH of a 10�3mol L�1 sol. = 2.97) was
similar to that of tartaric acid and two not well resolved cathodic
peaks were observed. The similitude could be easily explained
taking into account the weak acidity of the third acidic proton of
the citric acid.

According to the enhancement in current responses, it is
possible to conclude that SDODAuNP-LB electrodes show an intense
electrocatalytic effect toward the reduction of protons, and that
voltammetric responses are different for the main acids found in
wines. In addition, the observation of distinct redox process
associated with first and second dissociated protons is a
remarkable result of our SDODAuNP-LB electrodes since bulk gold
electrodes are not able to discriminate among acids or to provide
distinct signals for different protons [36].

The influence of the potential scan rate on the peak height was
also investigated between 0.01 and 1.0 V s�1. The intensity of the
cathodic peaks increased linearly with the square root of the scan
rate and conformed to the Randles–Sevcik equation:

I = 2.69 � 105n3/2A1/2v1/2c (1)

where c represents concentration of the electroactive species, v
potential scan rate, A electrode surface, D diffusion coefficient of
the analytes, and n number of electrons transferred in the redox
process. In all cases, the correlation coefficient R2 was higher than
0.9 pointing to a diffusion limited process (Table 1).

The logarithm of peak current changed linearly with the
logarithm of scan rate (Table 1) with a slope value close to 0.5 for
tartaric and lactic acids confirming ideal diffusion controlled

Fig. 3. CV of a bare ITO (dashed line) and SDODAuNP-LB (solid line) toward
10�3mol L�1 of (a) lactic, (b) malic, (c) tartaric and (d) citric acids. Scan rate 0.1 V s�1.
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mechanism. In the case of citric and malic acids, the slopes were
found to be lower than 0.5. A closer look to the graphs showed that
the increase in the scan rate caused a shift of the cathodic peaks
toward more negative potentials. At scan rates higher than
0.05 V s�1, the peaks could not be observed for longer. The slopes
recalculated for citric and malic acids using scan rates from 0.01 to
0.05 V s�1 were close to 0.4 pointing also to a diffusion controlled
process.

In contrast, the anodic wave showed a tricky behavior. At low
scan rates, a linear dependence with the square root of the scan
rate was observed, but at scan rates higher than 0.5 V s�1 the
voltammograms presented distorted shapes and decreased their
intensity while a new broad peak at 0.5 V grew progressively. These
facts could be explained assuming that adsorption/polymerization
processes are involved in the oxidations, causing the mentioned
distortion [37].

The effect of the concentration in the sensor response was
studied by immersing the electrode in organic acid solutions with
concentrations ranging from 1 �10�5 to 1 �10�3mol L�1. The
influence of increasing concentrations is illustrated in Fig. 4 for
citric acid. When representing the calibration curve for the
cathodic peak (at �0.85 V), an increase in the intensity of the
peaks with the concentration was observed. The limit of detection
(LOD) calculated following the 3SD/m criterion, was 5.6 � 10�6

mol L�1 (Table 2). The anodic peak was only observed at
concentrations higher than 10�4mol L�1. This observation could
be explained taking into account the dissociation constants of the
acids (pKa) and the change of the pH caused by the concentration.
The pH of a 10�3mol L�1 citric acid solution (CitH3) is 2.97 and the
predominant species is CitH2

� whereas the pH of the 10�5mol L�1

solution is 5.01 and the predominant species is CitH2�, so, the
anodic wave could only be observed when the dominant species
was CitH2

�. A similar behavior was observed in the rest of organic
acids studied. For instance, tartaric acid can be present in wine and
juice as tartaric acid (TH2), bi-tartrate (TH�) or tartrate (T2�). The
ratio of these depends mainly on the pH of the wine. The anodic

eave was only observed when the predominant species was
bitartrate TH� (maximum concentration of TH� occurs at pH
3.7 and at pH 5.0, the predominant species is T2�).

Due to the non-linear behavior of the anodic wave, in all organic
acids analyzed the LODs were calculated by analyzing the intensity
of the cathodic peaks at �0.85 V following the 3SD/m criterion. As
observed in Table 2, they were in the range of 10�5 to 10�6mol L�1.

Taking into account that in the must obtained from grapes,
tartaric acid is found in the range 3–7 g L�1,and malic acid in the
range 1–3 g L�1 [38] the linear range and the LOD found here is
adequate for the concentration usually found in such products.

3.4. Electrocatalytic effect of SDODAuNP-LB toward phenolic acids

Phenolic acids are also important ingredients of grapes and
wines. Their interest relies in their antioxidant activity and in the
key role they play in the organoleptic characteristics of wines. The
electrochemical techniques are also appropriate to evaluate the
antioxidant (or electrochemical) activity of the phenols. It has been
established that the redox activity of these compounds can be
measured using a glassy carbon electrode [10,15,39]. Depending on
their chemical structure phenolic compounds can show low
oxidation potentials (at ca. 0.5 V) or high oxidation potential (at ca.
0.8 V). In this work, the electrocatalytic effect of SDODAuNP-LB on
the electrochemical response of two phenolic acids commonly
found in wines, one with low oxidation potential (caffeic acid) and
one with high oxidation potential (gallic acid) was analyzed
(Fig. 5).

The electrochemical response of caffeic acid at a bare ITO was
characterized by a redox pair with the anodic wave at 0.55 V and
the cathodic at 0.25 V assigned to the oxidation/reduction of the
diphenol to the o-quinone (Fig. 5a). The peak current of the electro-
oxidation of caffeic acid at the SDODAuNP-LB sensor was clearly
enhanced from 170 mA to 270 mA (an increase of the 75%)
evidencing the catalytic effect of the modified electrode. The
electrocatalytic effect was even more pronounced in gallic acid (a
triphenol of high oxidation potential). As shown in Fig. 5b the gallic
acid could not be oxidized nor reduced on a bare ITO glass at the
potential range from �1.0 V to +1.0. However, at the modified
electrode, an intense and irreversible peak appeared at 0.75 V. The
enhancement in current response was a clear evidence of the
catalytic effect of the SDODAuNP-LB modified electrode toward the
oxidation of gallic acid.

The influence of the potential sweep speed on the peak height
was studied in 10�3mol L�1 solutions. The scan rate varied
between 0.01 and 1.0 V s�1. A linear increment in the redox peaks
as a function of the square root of the scan rate was observed (with
R2 of 0.99) indicative of a diffusion-controlled electrode process.
The relationship between the logarithm of peak current and the
logarithm of scan rate was linear and the slopes were close to 0.5
(0.55 for caffeic acid, 0.42 for gallic acid). Thus, the diffusion
controlled mechanism was further confirmed.

Voltammograms were registered using phenolic solutions with
different concentrations. A linear relationship between the peak
currents and caffeic acid concentration in the range between
1 �10�3mol L�1 and 1 �10�5mol L�1 was obtained. The LOD

Table 1
Slope and regression coefficients obtained from the voltammograms registered at
different scan rates for the organic acids. Intensities measured using the cathodic
wave at �0.85 V.

Organic acid Relationship with scan rate
Ic (mA) vs. n1/2 (mV s�1)1/2

Relationship with scan rate
log Ic (mA) vs. log n (mV s�1)

Slope R2 Slope R2

Lactic �24.14 0.990 0.48 0.990
Malic �9.39 0.980 0.24 0.982
Tartaric �47.15 0.992 0.45 0.991
Citric �22.69 0.981 0.26 0.982

Fig. 4. CV of an LB film of SDODAuNP-LB immersed in increasing amounts of citric
acid (10�5 to 10�3mol L�1).

Table 2
LOD, sensitivity and regression coefficient calculated from de cathodic peak at ca.
�0.85 V for the four organic acids under study.

Organic acid LOD (mol L�1) Slope R2

Lactic 17.63 �10�6 �0.19 0.98
Malic 5.91 �10�6 �0.53 0.999
Tartaric 4.73 � 10�6 �0.66 0.99
Citric 5.62 �10�6 �0.56 0.999
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calculated was 0.67 � 10�6mol L�1 and 1.21 �10�6mol L�1 (for the
anodic and cathodic peak, respectively). Simultaneously, the pH
variation produced a progressive shift of the redox potential to
higher values. This in good agreement with previously published
studies that have proved that pH affects the redox potentials of the
phenols [10]. CV plots recorded in gallic acid showed a similar
behavior. A clear oxidation peak at ca. 0.75 V was observed that
increased its intensity with the concentration (Fig. 6). The obtained
calibration graph showed a linear dependence between peak
height and gallic acid concentration acid (oxidation: R2 = 0.9968/
reduction: R2 = 0.9969). The LOD calculated according with the
3SD/m criterion was 0.51 �10�6mol L�1.

This LOD obtained using the SDODAuNP-LB sensors was much
lower than the values reported for glassy carbon electrodes (ca.
10�4mol L�1) [10] and similar to the LOD obtained using electro-
catalytic films prepared from organic compounds [40]. It is also
important to notice that the linear range was clearly enhanced
with respect to that observed in glassy carbon electrodes,
indicating that the contamination of the electrodes by the
oxidation products is less important [41].

3.5. Response of SDODAuNP-LB toward mixtures of organic acids and
phenols

In this section, experiments were made varying the acidity of
the solution using mixtures of caffeic or gallic acids with tartaric
acid (the majoritarian acid in wine and the main responsible of its
acidity) in the range of pHs and concentrations found in wines.
Experiments were carried out in caffeic:tartaric mixtures 40:10;
25:25 and 10:40 (corresponding to 8 � 10�4:2 � 10�4; 5 �10�4:5
� 10�4; 2 � 10�4:8 � 10�4mol L�1).

Fig. 7 shows the voltammetric responses of mixtures of caffeic
and tartaric acid analyzed using the SDODAuNP-LB electrodes.

As expected, the intensity of both oxidation and reduction
peaks, Ia and Ic, of the caffeic acid increased linearly with the
concentration. At low concentrations of tartaric acid, the only

peaks observed were produced by the oxidation/reduction of
caffeic acid. Increasing amounts of tartaric acid decreased
progressively the pH and the redox activity of the dissociated
protons could be observed at negative potentials. Tartaric acid and
caffeic acid did not show important interferences in the studied
range, except a slight shift in the positions of caffeic acid due to the
change in the pH caused by tartaric acid. The LOD obtained was
similar to those obtained separately confirming the possibility of
using the SDODAuNP-LB sensor for the simultaneous determination
of acidity and caffeic acid in the range of concentrations usually
found in wines. Similar results were obtained for gallic acid.

3.6. Electrode repeatability and reproducibility

To characterize the repeatability of the measures registered
with the SDODAuNP-LB electrode, repetitive measurements were
carried out in 10�3mol L�1 solutions. For all the samples analyzed,

Fig. 5. Voltammetric response of a bare ITO electrode (dotted line) and a SDODAuNP-
LB electrode (solid line) toward (a) caffeic acid and (b) gallic acid 10�4mol L�1.

Fig. 6. (a) Cyclic voltammograms obtained for different caffeic acid concentrations
from 10�5 to 10�3mol L�1; (b) calibration graph for the determination of caffeic
acid.

Fig. 7. CV registered using the SDODAuNP-LB electrode immersed in caffeic:tartaric
mixtures. (solid) 40:10; (dotted) 25:25 and (slash-dotted) 10:40.
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the results of 5 consecutive measurements showed a relative
standard deviation (RSD) lower of 2%.

Also the reproducibility of the electrodes was examined by the
determination of 10�3mol L�1 caffeic acid using three electrodes
prepared using the same method. RSD of anodic peak potential was
found to be less than 4%, confirming the reproducibility of the
method.

4. Conclusions

In this article, electrodes chemically modified with function-
alized gold nanoparticles were achieved by the Langmuir–Blodgett
technique. The modified SDODAuNP-LB electrodes demonstrated
efficient interfacial properties being able to detect organic acids
responsible of the acidity of grapes, musts and wines and phenolic
acids with antioxidant properties. The LB technique applied to this
amphiphilic nanoparticles produced sensors with high surface to
volume ratios and efficient electrocatalytic behavior (increased
peak currents) with limits of detection much lower than those
obtained on ITO glass (in the range of 10�6mol L�1). In addition, the
SDODAuNP-LB sensors were able to discriminate the predominant
species indicated by the pKa and the pH. Finally, it was possible to
detect simultaneously organic acids and phenols. Interferences
were not observed in the pH and concentration ranges found in
wines and musts. According to these results, modified SDODAuNP-
LB electrodes are good candidates to be a part of multisensor
systems dedicated to the analysis of musts.
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