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Abstract: Gold nanoparticles (AuNPs) have unique prop-
erties, making them attractive for electronic and energy-
conversion devices and as (electro)catalysts for electro-
chemical sensors. In addition to the size and shape of
AuNPs, the electrocatalytic properties of AuNP-sensors
are also determined by the stabilizing agent used in their
synthesis. Here, AuNPs were synthesized with citrate,
alginate and quercetin, obtaining spherical and negatively
charged nanoparticles. The AuNPs were used to modify
glassy carbon electrodes (AuNPs/GCE), which were
characterized by scanning electron microscopy and elec-
trochemical techniques. The AuNPs/GCE showed aggre-
gates of different sizes and degrees of dispersion on the
electrode surface depending on the stabilizing agent. The
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1 Introduction

At present, it is well known that the use of nanomaterials
for electrode modification increase their surface area
which improve the sensitivity of the electrochemical
(bio)sensor. Therefore, a nanomaterial-modified electrode
has a variety of potential applications including catalysis,
chemical and biological sensing, energy-conversion devi-
ces, etc. [1-6]. In this context the most used nanomaterials
nowadays are carbon derivatives (carbon nanotubes
(CNT), graphene oxide (GO), etc.) [7-10], metallic nano-
particles (MNPs) (e.g., gold, silver, copper) [11-14] and
their hybrids (MNPS/CNT, MNPs/GO, etc.) [15-21]. Gold
nanoparticles have attracted enormous interest due their
electronic, optical, catalytic and magnetic properties
[12,22,23]. In addition, AuNPs improve the electron
transfer and enhance the analytical sensitivity [16,14]. The
disadvantage of using AuNPs it is that their electro-
catalytic properties depend on their size and shape
[16,24-26]; therefore, the route of synthesis of the AuNPs
and the method of immobilization on the electrode
surface must be controlled.

The AuNP-modified electrodes are usually fabricated
by electrochemical deposition of the nanoparticles from
the auric acid solution (HAuCl,) [15,27-29], by immer-
sion of the electrode in a colloidal gold solution (dip-
coating) [30-32] or by casting a certain volume of colloidal
gold solution on the surface of the electrode (drop-
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AuNP’s aggregates affect the homogeneity of the film, the
reproducibility of the electrodes and their response in
buffer solution. Finally, to evaluate the electrocatalytic
ability of the AuNPs/GCE, we studied the oxidation of
two analytes with opposite charges: (1) sunset yellow
(negative) and (2) hydrazine (positive). Compared with
GCE, the AuNPs/GCE showed good electrocatalytic
properties for hydrazine, increasing the current up to 50 %
and shifting the potential by almost 400 mV, depending on
the AuNP used. For the negatively charged analyte, the
current decreased up to 50 % and no shift in potential was
observed. Thus, the electrocatalytic properties of the
AuNPs showed to be highly dependent on the nature of
the analyte.

- hydrazine - sunset yellow

coating) [33-35]. The electrodeposition of nanoparticles is
one of the most used methods to modify electrodes
because the attachment of the AuNPs favors the direct
communication with the electrode. However, the electrol-
ysis reaction does not tend to proceed uniformly, hence
the deposition conditions (potential and time) and the
concentration of AuCl;, must be controlled [23]. Usually
the size of the AuNPs electrodeposited is higher than
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those chemically prepared; thereby, the modification of
the electrode with colloidal gold nanoparticles allows
working with AuNPs with a well-controlled shape and
size, compared with electrodeposition [26,29,33,36].

The most used synthetic route to obtain colloidal gold
nanoparticles is the in-situ Turkevich-Frens method with
citrate, obtaining spherical and negatively charged nano-
particles [37]. The main drawback of this method is the
low stability of the AuNPs obtained [38]. Other synthetic
procedure includes thiolate-stabilized AuNPs that used
NaBH, as reducing agent (Brust-Schiffrin method). The
size of the AuNPs synthesized by this method is much
smaller than that obtained by Turkevich-Frens, and the
Au-sulfur bond between the thiolate and the AuNPs is
stronger than the bond formed between Au-citrate. The
withdraw of the common synthetic routes (including
citrate, borohydride or other organic compounds) is that
they may be associated with environmental toxicity or
biological hazards [39]. Some previous studies have
introduced a green method using natural polymers and
flavonoids. Quercetin is the most abundantly consumed
bio-flavonoid, highly concentrated in tea, apple and onion
[40]. It exhibits antioxidant and anti-inflammatory proper-
ties and can act as stabilizing and reducing agent for
AuNPs [40-42]. Alginic acid, the main constituent of
brown algae, is a well-known biopolymer and belongs to a
polysaccharide family. Sodium alginate is known as a
stabilizer and template for synthesis of metal nano-
particles [39,43]. The advantage of using quercetin and
alginate as reducing/stabilizing agents is that both are
biocompatible and nontoxic [38-40,43].

During the design of electrochemical sensors, the main
concern about colloidal AuNPs is that the stabilizing agent
may interfere with the electron-transfer reactions and may
affect the electrocatalytic properties of the AuNPs. For
example, thiol capping is too strong to obtain good
electrochemical results limiting is applications [23]. The
adequate selection of the stabilizing agent will determine
its suitability as an electrocatalyst. Therefore, it is
important to evaluate the role of the stabilizing agent in
the performance of AuNP-modified electrodes as candi-
dates for future electrochemical applications.

The aim of this work is to investigate the effect of the
stabilizing agent of the AuNPs on their electrocatalytic
properties. Here, the AuNPs were synthesized separately
with citrate, quercetin (bioflavonoid) and alginate (natural
polysaccharide) as stabilizing/reducing. The AuNPs syn-
thesized have the same shape and average size of the
metallic center, low poly dispersity indexes and negative
charges; therefore, any change in their electrocatalytic
response could be associated to the stabilizing agent used.
The AuNPs-modified glassy carbon electrodes were pre-
pared by drop-coating and the electrocatalytic effect of
the AuNPs was evaluated by studying the oxidation of
analytes with opposite charges.
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2 Experimental
2.1 Reagents

Gold(IIT) chloride trihydrate (HAuCl, x 3H,0) (CAS
16961-25-4),  sodium  citrate  tribasic  dihydrate
(C¢HsNa;O, x 2H,0) (CAS 6132-04-3), quercetin (2-
(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-
4-one, 3,3'.4'5,6-pentahydroxyflavone) (CAS 117-39-5),
potassium ferricyanide(IIl) (K;[Fe(CN)q])(CAS 13746-66-
2), potassium hexacyanoferrate(II) trihydrate
(K4[Fe(CN)g] x 3H,O)(CAS 14459-95-1), hexaamineru-
thenium(III) chloride (Ru(NH;)sCl;) (CAS 14282-91-8),
sunset yellow (CAS 2783-94-0) and hydrazine dihydro-
chloride (N,H, x 2HCI) (CAS 5341-61-7) were purchased
from Sigma-Aldrich. NaOH was from Merck-Chile.
Alginate was extracted from brown seaweed (Desarestia
menziessi) [44] and characterized in the Universidad de
Santiago de Chile. The solutions were prepared with
ultrapure water (Milli-Q, Millipore System Inc.). The
electrochemical experiments were conducted in
phosphate-buffered saline (0.1 M PBS, pH 7.0) as the
supporting electrolyte solution.

2.2 Preparation of Colloidal Gold Nanoparticles with
Different Stabilizing Agents

2.2.1 Citrate-coated Gold Nanoparticles (AuNP-CT)

AuNP-CT were prepared by citrate reduction of HAuCl,
as described previously [45,46]. Briefly, an aqueous
solution of HAuCl, (100 mL, 1 mM) was refluxed for 5-
10 min and a warm (50-60 °C) aqueous solution of sodium
citrate (10 mL, 38.8 mM) was quickly added. The reflux
was continued for another 30 min until a deep red solution
was obtained. The solution was passed through 0.45 um
Millipore syringe filters to remove any precipitate, the pH
was adjusted to 7.4 using a dilute NaOH solution and the
filtrate was stored at 4°C.

2.2.2 Quercetin-coated Gold Nanoparticles (AuNP-QC)

3.02 mg of quercetin were dissolved in NaOH (2 mL,
10 mM) and dilute to a final volume of 10 mL in a flask
protected from light. In a round-bottom flask HAuCl,
(1 mL, 1 mM) was mixed with distilled water (8 mL) with
continuous stirring. Then, quercetin (1 mL, 1 mM) freshly
prepared was added drop wise. The solution was protected
from light and stirred at room temperature for 2 h. The
prepared aqueous quercetin-nanoparticles (AuNP-QC)
were passed through a membrane filter (0.22 um) and
centrifuged at 16168 g for 30 min. The pelleted were
resuspended in water (10 mL) and stored at 4°C.

2.2.3 Alginate-coated Gold Nanoparticles (AuNP-AG)

AuNPs-AG was prepared mixing solutions of sodium
alginate (0.5 mgmL™") and HAuCl, (1 mM) with stirring
in a bath at 70°C. The pH was adjusted to 11.0 using a
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0.1 M NaOH. The reaction was carried out during 1 hour
until the color of the solution changes from yellow pale to
pink, characteristic of gold colloidal solutions. The AuNP-
AG was stored at 4°C.

2.3 Characterization of AuNPs

The surface plasmon resonance peak of the AuNPs was
achieved by a Lambda 25 UV/VIS spectrophotometer
(PerkinElmer Inc.). Nanoparticle surface charges were
measured using a Malvern Zetasizer Nano-ZS (Malvern
Instruments). Measurements were performed in 1.2 mM
sodium citrate at pH 7.4. pH was adjusted with 1.0 M HCI
or with 1.0M NaOH, at 25°C, in a 3-mm light path
cuvette. The measurements were conducted with a dispos-
able 301 polycarbonate capillary cell (DTS 1061, Malvern)
under precise temperature control (25°C). Because the
zeta potential measurements were performed in an
aqueous solution, the Smoluchowski approximation was
used to calculate the zeta potential from the measured
electrophoretic mobility. DLS measurements were ob-
tained at 25°C in a 3 mm light path cuvette. The refractive
index was considerer 1.4. The nanoparticles diameter and
morphology were obtained using a scanning transmission
electronic microscope (STEM) Model F50 Inspect (FEI
Company). The sample was prepared by dropping the
AuNP on formvar carbon-coated copper microgrids and
allowing them to dry. For the scanning electron micro-
scopy (SEM) measurements we used a glassy carbon disk
(TED Pella brand, INC (N° 16524), 12.7 mm diameter).
The disks were cleaned by polishing with 0.3 and 0.05 pm
alumina slurries before modification. Then, 5 pL of the
AuNPs were casting onto the disk surface and dried at
room temperature for 45 min. The morphologies of the
modified disks were investigated by SEM using an Inspect
Scanning Electron Microscope F50 operated at 10 kV.

The stability of AuNPs was studied following the UV-
vis spectra after storage the AuNPs for at least one month
at 4°C. After that time, the absorbance of the solutions
were recorded and compared with those obtained at the
moment of the synthesis.

2.4 Preparation of AuNPs-modified Glassy Carbon
Electrode (AuNPs/GCE)

Before modification, the GCE was polished with 0.3 and
0.05 ym alumina slurries for 1 min and then washed
thoroughly with water. Subsequently, 5 pL. of the AuNPs
were casting onto the GCE surface and dried at room
temperature for 45 min. The resulting electrode was
denoted as AuNPs/GCE.

2.5 Electrochemical Measurements

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were performed on a CHI 650 setup (CH
Instruments Inc., USA). A conventional three-electrode
system was used with a GCE (Model CHI 104, CH
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Instruments Inc.) or AuNPs-modified GCE as the working
electrode; a platinum wire (BASiMW-1032) and Ag/AgCl
(3.0 M NaCl, Model RE-5B, BAS) as the counter and
reference electrode, respectively. All potentials are given
relative to the reference electrode. A magnetic stirrer
provided convective transport when necessary.

Electrochemical measurements of AuNPs/GCE were
carried out in 0.1 M PBS at pH 7.0. Cyclic voltammograms
(CV) and differential pulse voltammograms (DPV) were
performed over the potential range of 0.0 V-1.2 V. The
DPYV operating conditions were a potential increment of
0.004 V, pulse amplitude of 0.05V and pulse period of
0.2s. All experiments were conducted at room temper-
ature and in triplicate.

3 Results and Discussion

3.1 Characterization of Colloidal Gold Nanoparticles
(AuNPs)

AuNPs were synthesized with three different stabilizing
agents: citrate (CT), quercetin (QC) and alginate (AG).
Then, these AuNPs were characterized by UV-visible,
scanning transmission electron microscopy (STEM), dy-
namic light scattering (DLS) and zeta potential, results
shown in Figure 1 and summarized in Table 1.

Table 1. Physicochemical characterization of gold nanoparticles.

AuNP  SPB/ Size by Size by PDI Z potential

nm STEM/nm DLS/nm /mV
AuNP- 519+2 12.0+1.7 232+1.0 04 —454+23
gll;NP- 52245 11.6+83 18.1+1.5 05 —45.0+35
SENP- 52341 12.5+1.7 19.4+2.1 04 —622+37
AG

AuNP, gold nanoparticles; CT, citrate; QC, quercetin; AG,
alginate; SPB, surface Plasmon band; STEM, scanning transmis-
sion electron microscopy; DLS, dynamic light scattering; PDI,
poly dispersity index.

In Figure 1, the spectrophotometric measurement
showed a narrow absorption peak close to 520 nm (519+
2, 520+5 and 523+1 nm for AuNP-CT, AuNP-QC and
AuNP-AG, respectively); which is attributed to AuNPs
with a diameter of approximately 12 nm [41,46,47].

The STEM images showed small and spherical AuNPs,
independently of the stabilizing agent used. The size
distribution was evaluated statistically by measuring the
diameter of 100 AuNPs in the STEM images. The average
particle size is estimated to be about 12 nm (12.0+1.7,
11.64+8.3 and 12.5+1.7 nm for AuNP-CT, AuNP-QC and
AuNP-AG, respectively), which is in agreement with
surface plasmon bands observed by UV-visible.

The hydrodynamic diameter of the AuNPs obtained
from the DLS method was closed to 20.24+2.65 nm with a
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Fig. 1. STEM images, size distribution histograms and UV-vis
absorption spectra of AuNPs synthesized with different stabililiz-
ing agents. (A) citrate-coated AuNP, (B) quercetin-coated AuNP
and (C) alginate-coated AuNP.

poly dispersity index of 0.4, suggesting that the stabilizing
agents makes a coating on the nanoparticles. This method
was also used to measure the charge of the surface (zeta
potential). In this case, the AuNPs obtained with citrate
and quercetin showed an average zeta potential of
—45mV, meanwhile the zeta potential of the AuNPs
synthesized with alginate was —62 mV. In all cases, the
negative charges will increase the electrostatic repulsion
between nanoparticles, which will prevent the particle
aggregation. The complete characterization of the AuNPs
is summarized in Table 1.

To determine the stability of the AuNPs, the aqueous
solutions were kept at 4°C for 30 days, after which the
UV-vis spectra were recorded and compared with the
spectra measured at the moment of the synthesis. For all
the AuNPs, after 30 days of storage the UV-vis spectra did
not show changes in the surface plasmon band (SBP)
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compared to the day of the synthesis (not shown here).
This result is in agreement with other reports under the
same storage conditions [38,48].

3.2 Surface Characterization of AuNPs Deposited onto a
Glassy Carbon Electrode (AuNP/GCE)

The modification of the electrode was performed by
placing a small volume of the colloidal gold solution on
the surface and allowed to dry at room temperature for
45 minutes. Figure 2 shows the SEM images of AuNPs
with different stabilizing agents deposited onto a GCE at
two different magnifications. The AuNPs correspond to
the bright spots meanwhile the black background is the
GC disk surface, similar to what was observed by Gotti
et al. [33].

Fig. 2. SEM images of AuNP-modified glassy carbon electrodes:
(A-B) AuNP-CT/GCE, (C-D) AuNP-QC/GCE and (E-F)
AuNP-AG/GCE at different magnifications.

For AuNP-CT (Figure 2A-B) the nanoparticles are
observed as bright chains due to the formation of
aggregates. The gray clover-like structures (size ~5 uM)
observed in Figure 2A (see white arrow) correspond to
sodium citrate crystals. Similarly, Gotti et al. [33] observed
white aggregates in the SEM images, corresponding to
sodium chloride crystals.

With higher magnification, the morphology of the
AuNP-CT aggregates is well defined; while the citrate
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crystals are less clear (at the bottom of the image). The
formation of aggregates by AuNP-CT can be explained
due to the weak nature of the Au-citrate bond [37]. As the
electrode is dried, the Au-citrate bond loses stability and
the nanoparticles start to interact between them and
aggregate. When the stabilizing agent is quercetin (Fig-
ure 2C-D) the size of the AuNP-QC aggregates is smaller
but they are better distributed than AuNP-CT, indicating
that the interaction between quercetin-AuNP is stronger
than for citrate-AuNP. Finally, AuNP-AG (Figure 2E-F)
were distributed on the surface homogeneously in the
form of bright and round-shaped particles. It is known
that the use of polymers as stabilizing agents enhance the
stability of the AuNP, explaining the observed behavior
[37]. The big structures observed in Figure 2E (see white
arrow) are most probably alginate deposits.

The result shows that despite the different colloidal
AuNPs had the same size for the metallic center (Table 1),
after letting them dry on the electrode these form differ-
ent aggregates depending on the stabilizing agent used. In
this case, the best deposit in terms of homogeneity
corresponded to the AuNP synthesized with alginate,
which prevents the aggregation of the nanoparticles unlike
citrate. These aggregates affect the homogeneity of the
film, which is an important issue in the construction of an
electrochemical sensor.

3.3 Electrochemical Characterization of AuNPs/GCE

Figure 3A shows the electrochemical profile of a glassy
carbon electrode (GCE) and a solid gold electrode (AuE)
in 0.1M PBS (pH7.0). GCE does not show faradaic
processes in the entire potential window used, which is
not the case for the AuE. In that case an anodic peak
close to 0.90 V is observed attributed to the formation of
Au oxides, which are reduced on the backward scan given
a reduction peak close to 0.480 V. Figure 3B shows the
cyclic voltammograms of AuNPs/GCE in 0.1 M PBS
(pH 7.0). For AuNP-CT/GCE and AuNP-QC/GCE the
cyclic voltammetric profiles show the typical shape of Au
electrochemical activation. A broad peak between 0.90
and 1.0 V corresponds to the oxidation of the AuNPs and
the formation of a metal oxide. The cathodic peak close to
0.45 V in the reverse scan is related to the reduction of the
gold oxides (Eq.1) [49]. This experiment is commonly
used to confirm the electrodeposition or the attachment
of AuNPs [27,30,33,50-52].

Au’ + 3H,0 < Au,0;+ 6H" + 6e” (1)

For AuNP-CT/GCE the redox peaks observed have
the highest charge (Q) compared to AuNP-QC/GCE and
AuNP-AG/GCE. But, when the stabilizing agent is
alginate the electrode behaves like GCE and the redox
pair associated with the gold reduction-oxidation process
is not observed. The electrochemical parameters of these
electrodes are summarized in Table 2.
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Fig. 3. Cyclic voltammograms in 0.1 M PBS (pH 7.0): (A) Bare
glassy carbon and gold electrodes and (B) AuNPs-modified GCE.
Scan rate: 50 mVs™'.

Table 2. Electrochemical parameters of electrodes in 0.1 M PBS
(pH 7.0) obtained from Figure 3.

Electrode E,/mV Q/unC
AuE 474 9.66
GCE - -
AuNP-CT/GCE 462 8.93
AuNP-QC/GCE 424 3.50
AuNP-AG/GCE - -

E, ., cathodic peak potential; Q, charge associated to E,,..

These results show that AuNP-CT/GCE formed a film
with more gold exposed to the electrolyte solution
showing a voltammetric profile similar to a bare gold
electrode (Figure 3A). This is in good agreement with the
aggregates observed by SEM (Figure 2). The size of the
aggregates formed by AuNP-QC and visualized through
SEM is smaller than the observed for AuNP-CT, and the
charge (Q) of the cathodic peak of AuNP-QC/GCE is
60 % smaller than AuNP-CT/GCE. For AuNP-AG/GCE

Electroanalysis 2018, 30, 386-396 390
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Fig. 4. Cyclic voltammograms of AuNPs/GCE in 0.1 M PBS (pH 7.0): (A) AuNP-CT/GCE dried in oven at 50°C for 15 minutes, (B)
AuNP-CT/GCE dried at room temperature (r.t.) for 45 minutes, (C) AuNP-QC/GCE dried at r.t. for 45 minutes and (D) AuNP-AG/

GCE dried at r.t. for 45 minutes. Scan rate: S0 mVs™.

the voltammetric profile does not show redox processes.
This is probably because the alginate avoids the gener-
ation of aggregates and it homogeneously covers the
AuNPs, which blocks the redox active surface from the
AuNP and thus no redox process is detected. The charge
values in Table 2 are comparable with those previously
reported for AuNPs electrodeposited [25] and for AuNPs
deposited by drop-coasting on GCE [33]. These values
varied between 0.2 and 11.9 pC, depending on the
methodology used for the modification of the electrode.
According to Gotti et al. [33], highest Q values suggest a
higher active surface area. In our case the active surface
area follows the order AuNP-AG < AuNP-QC < AuNP-
CT.

In order to improve the modification process of the
electrodes, two procedures were evaluated: (1) to dry the
electrode at room temperature and (2) to dry it in oven at
50°C for 15 min (Figure 4A-B).

With both procedures AuNP-CT/GCE shows the
oxidation and reduction of the AuNPs but when the
electrode is dried in an oven the reproducibility dimin-
ishes. Even more, the cathodic peak changes in shape and
intensity. Therefore, we choose the first method, which
involves drying the electrode at room temperature. Even
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though the time of preparation could seem to be long,
compared with other experimental procedures, 45 minutes
is the shortest time of preparation described at this date
[26,30,32,33,53].

As can be seen from Figure 4B-D, the most reprodu-
cible electrode is AuNP-AG/GCE. This could be related
to the high covering capability provided by the stabilizing
agent, which decreases the interaction between nano-
particles and consequently the formation of aggregates
allowing getting a more homogeneous film. That could be
the reason why AuNP-AG/GCE shows less aggregates
according to the SEM images and the voltammetric
profile is the most reproducible.

3.4 Electrochemical Behavior of Redox Probes on
AuNPs/GCE

The three stabilizing agents used in this work added
negative charges to the surface of the nanoparticle. As it
could be expected, the negative charges of the AuNPs
may affect the response of the modified electrode against
charges analytes. To determine this effect, we studied the
electrochemical response of the AuNPs/GCE against two
electroactive species with opposite charges, [Fe(CN),]

Electroanalysis 2018, 30, 386-396 391
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and [Ru(NH;)s]"¥*2 Both redox mediators have a well-
defined monoelectronic and reversible mechanism onto
GCE. Thus, any change observed in the electrochemical
parameters should be associated with the modification of
the AuNPs-film.

Figure SA shows the CV profile of 1.0mM
[Fe(CN)¢]* on GCE and AuNPs/GCE. For GCE, the
peak-to-peak separation (AE,) for [Fe(CN)s] > * corre-
sponded to 70 mV at 50 mVs™" (close to the theoretical
value of 59/n mV, where n=1) and a relationship between
the backward and the forward peak currents (i,./i,,) of
0.99, i.e., the amount of redox mediator oxidized and
reduced is almost the same. When the electrode is
modified with AuNPs, a clear decrease in the current and
an increase in the AE, were observe. The nanoparticles
affect the electronic transfer making it more difficult,
losing the reversibility of the couple. From Table 3, it is
possible to appreciate that the ratio i,./i,, kept un-
changed, indicating that the same amount of redox
mediator is reduced and oxidized. Also, from this table it
is clear that the AE, decreases in the following order
AuNP-AG < AuNP-QC < AuNP-CT. According to Table 2
that order follows the same trend observed for the active
surface area. Consequently, AuNP-CT/GCE has the most
heterogeneous film and the highest active surface area.

The aggregates of AuNP-CT could have low quantities
of citrate, which reduced the negative charges on the
surface; therefore, the effect on the electronic transfer is
smaller. On the other hand, AuNP-QC and AuNP-AG
formed more homogeneous films on the -electrode,
exposing less gold (active surface area) and incorporating
more negative charges to the surface electrostatically
repelling the redox mediator. This was reflected by the
increase of the AE, values.

In the case of [Ru(NH;)e]**** (Figure 5B-C), the AE,
observed on GCE, AuNP-CT/GCE and AuNP-QC/GCE
kept unchanged, with values close to 60 mV (Table 3).
This is indicative of a monoelectronic reversible mecha-
nism and the ratio i,,/i, slightly decreases compared with
GCE but with values close to the unit. For AuNP-AG/
GCE the AE, is reduced to 53 mV, demonstrating that the
electron transfer process is improved due to the presence
of the nanoparticle. The AE, value is lower than the
theoretical value probably due to the adsorption of the
mediator. The ratio i,,/i,. diminishes due to the fact that
the cathodic peak is 90 % higher than the anodic peak;
thus, the amount of oxidized specie is higher than the
reduced one at the beginning of the potential scan.

These results show that the response of the AuNP-
modified electrode depends on the charge of the analyte.
When the analyte is negatively charged as [Fe(CN)q] >,
it is electrostatically repelled by the AuNP deposited on
the electrode, but when the analyte is positively charge as
[Ru(NH;)s] *¥*2 the electronic transfer between the
analyte and the electrode is facilitated. This causes an
increase in the sensitivity of the electrode.
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Fig. 5. Cyclic voltammograms of 1.0mM of (A) [Fe(CN)y
and (B—C) [Ru(NH,)]"¥** at GCE and AuNPs/GCE in 0.1 M
PBS (pH 7.0). Scan rate: 50 mVs™.
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Table 3. Electrochemical parameters of redox mediators obtained
from Figure 5.

[Fe(CN)¢] [Ru(NH;)] *¥*2

/i,  AE/MmMV i AE,/mV
GCE 0.99 70 0.98 62
AuNP-CT/GCE 0.94 124 0.86 65
AuNP-QC/GCE 0.98 167 0.94 66
AuNP-AG/GCE 1.0 260 0.13 53

i,c, cathodic peak current; i,,, anodic peak current; AE,,
difference between the two peak potentials

3.5 Electrocatalytic Properties

To get deeper insights into the electrocatalytic perform-
ance of the modified-electrodes for applications with
charged analytes, the DPV response of the bare GCE and
AuNPs/GCE were compared for the electrooxidation of a
negatively charged analyte (sunset yellow) and a pos-
itively charged analyte (hydrazine).

Figure 6A shows the differential pulse voltammetry
(DPV) profiles of GCE and AuNPs/GCE in 0.1 M PBS
(pH 7.0) in absence of analytes. In agreement with CV

35 e
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responses (Figure 3B), AuNP-CT/GCE and AuNP-QC/
GCE showed an oxidation process associated to the
nanoparticle. On the other hand, AuNP-AG/GCE has a
DPV similar to GCE due to the fully covering of the
nanoparticle with the polymer.

Sunset yellow is a food dye negatively charged at
pH 7.0 due to the presence of two sulfonate groups in its
structure (Figure S1). This dye is oxidized at GCE and
neutral media via le” /1H* [2], showing a single peak
close to 0.60 V. The oxidation of this analyte onto AuNPs/
GCE did not show any shift in peak potentials and in a
similar way of what was observed with [Fe(CN)s] >, the
presence of AuNPs did not improve the response of the
bare electrode. Even more, the loss in the current is up to
50%.

Hydrazine (pK,=8.23 [54]), is oxidized mainly through
4e” /AH™ process, with N, as the final product in aqueous
solution [55,56]. Also, it is highly dependent on the
surface structure of the electrode, which affects the
electrocatalysis of the reaction [49,55]. In Figure 6B the
DPVs were obtained in the presence of 1.0 mM hydrazine.
For GCE, two broad signals were observed at 0.56 V and
1.00 V. These signals are overlapped, which difficult the
quantification of hydrazine. When the -electrode is

10
- - GCE
C —— AG(0.2)/GCE
—— AG(0.3)/GCE
81 —— AG(0.4)/GCE
= —— AG(0.5)/GCE

We Lo o L
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154
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Hydrazine

Fig. 6. (A) DPVs of AuNPs/GCE in absence of hydrazine in 0.1 M PBS (pH 7.0), (B) DPVs of AuNP/GCE in presence of 1.0 mM
hydrazine in 0.1 M PBS (pH 7.0), (C) DPVs of 1.0 mM hydrazine in 0.1 M PBS (pH 7.0) at GCE modified with different concentrations
of alginate (0.2, 0.3, 0.4 and 0.5 mgmL™"), (D) peak current as a function of different concentrations of hydrazine.
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modified with AuNPs, a narrow single peak is detected. In
the case of AuNP-CT/GCE and AuNP-QC/GCE a second
peak is observed close to 0.85 V due to the oxidation of
the AuNP showed in Figure 6A. The oxidation of
hydrazine onto AuNP-modified electrodes showed a shift
to more negative values of the peak potential and an
increase in the current values. These results indicate that
the AuNPs electrocatalyze the oxidation of hydrazine and
it is in agreement with other electrodes modified with
AuNPs [49,57]. Good electrocatalytic properties of
AuNP-CT has been also observed for other positively
charged analytes like ractopamine and metaproterenol
[34], in which case the authors associated the results with
the electrostatic attraction between the AuNP and the
analyte. For hydrazine, with AuNP-CT/GCE the current
increases by 75% compared to GCE and the peak
potential shifts to 0.13 V. For AuNP-QC/GCE, the current
increase corresponds to 57 % and the peak potential shifts
to 0.16 V; and for AuNP-AG/GCE, the current increases
by 62% and the peak potential appears in 0.22 V. Thus,
the electrocatalysis observed in terms of shift potential
follows the order AuNP-AG < AuNP-QC < AuNP-CT.

According to what was obtained for [Ru(NH;)s] ™2,
with hydrazine we expected that the best response would
have been with AuNP-AG/GCE followed by AuNP-QC/
GCE and then AuNP-CT/GCE. However, according to
our results the best catalytic electrode in terms of shift
potential and current value was AuNP-CT/GCE instead
of AuNP-AG/GCE. This is similar to that observed by
Kogak et al. [58]. Kogak electrodeposited AuNPs onto a
poly-bromocresol/carbon nanotube-modified GCE and
studied the effect of the Au™? solution concentration on
the peak current of hydrazine. According to those studies,
as the gold concentration increases, the peak associated
with the oxidation of hydrazine was shifted to more
negative potentials and the peak current was increased. In
agreement with those results our electrodes showed the
following trend in terms of gold surface exposure and
therefore, the active surface area: AuNP-AG < AuNP-
QC < AuNP-CT (from Table 2); which is the same order
for the electrocatalysis of hydrazine. In this case, the
predominant interaction could be between the gold
exposed and hydrazine over the electrostatic interaction
between the hydrazine and the stabilizing agent of the
AuNP.

As can be seen in the experimental section, for the
synthesis of AuNP-AG the concentration of alginate used
was 0.5 mgmL™"' and according to our results that value is
enough to fully cover the AuNP. In order to prove if the
amount of alginate (AG) is affecting the response of the
electrode against the oxidation of hydrazine, we modified
the glassy carbon electrode with different concentrations
of the polymer (Figure 6C). When the concentration of
AG increases from 0 to 0.5 mgmL™", the peak potential of
hydrazine shift to more positive values (almost 100 mV),
and the currents values decrease, where for 0.5 mgmL™
the loss in current reach a 92 %. These results prove that
the presence of AG difficult the electronic transfer and
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that the low catalytic effect for the oxidation of hydrazine
with AuNP-AG/GCE is not only related with the stabiliz-
ing capability of the polymer and the homogeneity of the
film.

Figure 6D shows the calibration plots for hydrazine in
0.1 M PBS (pH 7.0) and the analytical parameters were
determined and compared with other AuNP-modified
electrodes (table 4). The plot of the peak current versus
concentration of hydrazine showed in Figure 6D present a
linear correlation for GCE and AuNPs/GCE. Other
authors showed two linear segments in the calibration
plots, which were attributed to the generation of N, on the
electrode surface. The presence of the bubbles could
changes the catalytic surface affecting the diffusion of the
analyte to the electrode. In agreement of what was
observed for Li et al. [59] at low hydrazine concentration,
the formed N, bubbles are little and may not block the
diffusion of hydrazine from the bulk solution.

The reproducibility of the modified -electrodes
(RSD %) was less than 3% (2.3% for AuNP-CT/GCE
and AuNP-AG/GCE, and 2.5% for AuNP-QC/GCE)
showing high reproducibility of the electrodes at pH 7.0.
Also, the limit of detection for all the AuNPs is
comparable to other sensors (Table 4). All the AuNPs
used in this work improve the sensitivity of the bare
electrode. With respect to GCE, the AuNPs/GCE electro-
catalyzes the oxidation of hydrazine showing good
sensitivity and reproducibility. Compared with other
electrodes with AuNPs, the analytical parameters such as
limit of detection (LOD) and reproducibility are im-
proved.

4 Conclusions

In the present work, we prepared AuNPs with three
different stabilizing agents to modify a glassy carbon
electrode. The implemented synthetic routes gave spher-
ical and negatively charged nanoparticles of 12 nm of
average size, where the colloidal nanoparticles were
similar in shape, size and charge. After the modification of
the electrodes, the formed films show different homoge-
neity depending on the stabilizing agent, and therefore,
affecting the electrochemical response of the sensor.
Electrodes with big aggregates, such as the obtained with
AuNPs stabilized with citrate (AuNP-CT) showed a
voltammetric profile similar to the corresponding to a
solid gold electrode. On the contrary, when the film of
AuNPs was more homogenous as the obtained with
AuNPs stabilized with alginate (AuNP-AG), the voltam-
mograms was similar to a bare GCE without redox
processes and the reproducibility of the electrode was
improved.

As the stabilizing agents are negatively charged, we
assessed the effect of these charges on the electrocatalytic
ability of the AuNPs-modified electrodes by studying the
oxidation of analytes with positive and negative charges.
When the analyte was negatively charged, the electrodes
did not improve the response with respect to the bare
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Table 4. Comparison of the analytical performances for hydrazine determination by using different modified electrodes.

Modified electrode Method pH ‘E/V RSD/% LOD/pM Sensitivity/uApM ™" Linear range/uM Ref.
AuNP/MnO,/GCE DPV 70 018 - 1.80 694 (LAmM'cm™) 5.0-2000 [60]
AuNP/GPE Swv 50 028 6.0 0.04 43 x 10™ 0.05-1000 [30]
Amperometry 3.1 43 x 10° 25-1000
Au/PPy/GCE DPV 7.0 012 29 0.20 0.126 1-500 [59]
0.036 500 - 7500
AuNP/SWCNH/GCE Amperometry 7.4 0.15 3.8 1.1 59.1 5.0-645 [36]
36.1 645-3345
AuNP/PDTYB/MWCNTs/GCE CV 8.0 0.07 6.7 0.60 0.24 2.0-130 [50]
0.14 130-350
GCE DPV 7.0 056 1.8 1.71 0.005 8.8-800
AuNP-CT/GCE DPV 7.0 013 23 0.41 0.023 3.9-800 This work
AuNP-QC/GCE DPV 7.0 016 25 0.95 0.012 7.2-1000
AuNP-AG/GCE DPV 70 022 23 0.55 0.014 5.0-1000

*Ag/AgCl 3.0 M; RSD, relative standard deviation; LOD, limit of detection; AuNP/MnO,/GCE, gold nanoparticle-MnO, modified
glassy carbon electrode; DPV, differential pulse voltammetry; AuNP/GPE, gold nanoparticle-modified graphite pencil electrode; SWV,
square wave voltammetry; Au/PPy/GCE, gold nanoparticle-polypyrrol nanowire modified glassy carbon electrode; AuNP/SWCNH/
GCE, gold nanoparticles single walled carbon nanohorns-modified glassy carbon electrode; AuNP/PDTYB/MWCNTs/GCE, gold
nanoparticles/poly(4,5-dihydro-1,3-thiazol-2-ylsulfanyl-3-methyl-1,2-benzenediol)/multiwalled carbon nanotubes-modified glassy car-

bon electrode; CV, cyclic voltammetry.

electrode, as it may be expected because of the electro-
static repulsion between the analyte and the stabilizing
agent located at the AuNP surface. On the contrary, when
the analyte was positively charged the electrodes show
improved electrocatalytic properties and high reproduci-
bility compared with the bare electrode. This was mostly
associated to the electrostatic attraction between the
analyte and the stabilizing agent, which facilitated the
electron transfer. All the AuNPs used in this work
improved the sensitivity of the bare electrode, increased
the current values and shifted the oxidation potentials of
hydrazine. Therefore, our results indicate that the electro-
catalytic application of these electrodes is highly depend-
ent on the charge of the analyte. Finally, a balance
between the AuNP covering homogeneity to electrostati-
cally attract the analyte towards the electrode, and the
amount of gold active surface exposed for the electron
transfer needs to be achieved to improve the electro-
catalytic properties of AuNP-modified electrodes.
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