
Journal of Electroanalytical Chemistry 790 (2017) 1–10

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

j ourna l homepage: www.e lsev ie r .com/ locate / je l echem
Electrochemical determination of fisetin using gold electrodes modified
with thiol self-assembled monolayers
Eliana Maza, Héctor Fernández, María Alicia Zon ⁎, Marcela Beatriz Moressi ⁎
Grupo de Electroanalítica (GEANA), Departamento de Química. Facultad de Ciencias Exactas, Físico-Químicas y Naturales. Universidad Nacional de Río Cuarto, Agencia Postal No 3 – 5800 - Río
Cuarto, Córdoba, Argentina
⁎ Corresponding authors.
E-mail addresses: azon@exa.unrc.edu.ar (M.A. Zon), m

(M.B. Moressi).

http://dx.doi.org/10.1016/j.jelechem.2017.02.030
1572-6657/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 November 2016
Received in revised form 14 February 2017
Accepted 16 February 2017
Available online 02 March 2017
The electro-oxidation of fisetin (FIS) at gold electrodes modifiedwith self-assembledmonolayers (SAM) is stud-
ied in 15% dimethylsulfoxide +85% phosphate buffer solutions of different pH using cyclic and square wave
voltammetries. Gold electrodes were modified with 2-mercaptoethanesulfonic acid (2-MES) and 4-
mercaptophenol (4-MP). Both modified electrodes were characterized by reductive desorption, electrochemical
impedance spectroscopy, contact angle measurements, and by the determination of the apparent surface pKa.
The FIS first oxidation peak showed an electrode process controlled by diffusion at 2-MES modified gold elec-
trodes, while the electrode process showed a diffusion/adsorption mixed control at 4-MP modified gold elec-
trodes. Square wave voltammetry was used to perform the FIS quantitative determination at both modified
electrodes using the commercial reagent. Calibration curves were linear in the concentration range from
1 × 10−7 to 1 × 10−4 M and from1 × 10−6 to 1 × 10−5 M for 2-MES and 4-MPSAMmodified electrodes, respec-
tively. Limits of detection for a 3:1 signal to noise ratio were 5 × 10−8 M (14.3 ppb) and 5 × 10−7 M (143 ppb)
for 2-MES and 4-MP modified electrodes, respectively. The reproducibility and the repeatability were 2.2% and
0.5% for 2-MES SAM modified electrodes, and 1.6% and 1.3% for 4-MP SAM modified electrodes, respectively.
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1. Introduction

Flavonoids are a large group of substances widely distributed in the
plant kingdom [1]. They have the general structure of a carbon skeleton,
which contains two phenyl rings and a heterocyclic ring [1]. Flavonoids
exhibit anti-cancer, anti-inflammatory and anti-viral properties, as a
result of their antioxidant activities [2]. Fisetin (3,3′,4′,7-tetra-
hydroxyflavone, FIS, Fig. 1) is a flavonoid that has attracted significant
attention, due to its wide spectrum of biological activities. Particularly,
FIS produces apoptosis of cancer cell [3], suppresses inflammatory pro-
cesses in most human cells [4], inhibits platelet aggregation induced by
thrombin and cathepsin G [5], and acts as free radical scavenger [6]. FIS
produces inactivation of protein kinase C and HIV-1 protease enzymes,
which is required to develop the HIV virus [7], and inhibits non-
enzimatic glycosylation of hemoglobin [8]. FIS can also improve memo-
ry in patients with memory disorders [9].

Chromatographic methods are themost used to quantify flavonoids,
mainly HPLC with different types of detectors [10–12]. Stripping volt-
ammetry at a carbon paste electrode coupled to a flow injection system
moressi@exa.unrc.edu.ar
has been used for the simultaneous determination of flavonoids includ-
ing FIS [13].

However, studies related to the basic electrochemical behavior of
flavonoids are scarce [14–17]. Hodnick et al. [14] studied FIS electro-
chemical oxidation at glassy carbon electrodes in 15%dimethylsulfoxide
(DMSO) + pH 7.00 phosphate buffer solutions (PBS). These authors
found a complex electro-oxidation mechanism, where the first oxida-
tion peak corresponds to a quasi-reversible process, involving 2e− and
2H+. Hendrickson et al. [15,16] studied the electrochemical oxidation
of quercetin, luteolin and FIS at glassy carbon electrodes in ethanolic so-
lutions. They also found a complex electro-oxidationmechanism,where
allflavonoidswhichhave a catechol group in the B ring showa quasi-re-
versible oxidation peak at low potentials, which corresponds to the
transfer of 2e− and 2H+.

We studied the FIS first electrochemical oxidation at glassy carbon
electrodes in 15% DMSO + pH 4.00 phosphate buffer solution, and
found that the first oxidation peak corresponds to a quasi-reversible
redox process involving 2e− and 2H+, which showed a diffusion/ad-
sorptionmixed control. The adsorption processwas studied in blank so-
lutions, and it was found that the Frumkin adsorption isothermwas the
best to describe the specific interaction of FIS with carbon electrodes.
Also, a full thermodynamic and kinetics characterization of the surface
redox couple was carried out by square wave voltammetry (SWV) [18].
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Fig. 1. Chemical structure of fisetin.
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Gold electrodes modified with self-assembled monolayers (SAM)
have gainedmuch attention in last year's because of their easy prepara-
tion, excellent properties and diverse applications in various fields of
science [19–22]. These modified electrodes are used as sensors and as
a base for the construction of biosensors for analytical applications
[23,24]. SAM modified electrodes control the solid/liquid interface, can
increase the selectivity and sensitivity, and decrease response times
and overpotentials [25–27]. This behavior arises from the direct
blocking of the electrode surface to the access of substances, inhibiting
some processes, and favoring others [19]. It was demonstrated that
the electrochemical response of various substrates has widely been im-
proved at these SAM modified electrodes [25,26]. These modified elec-
trodes have also been used to study surface organic reactions [28],
modeling cell membranes [29], and as a model surface for studying ma-
terials/blood interactions to develop biomedical devices [30].

In this work, we study the FIS electro-oxidation at SAM modified
gold electrodes in 15% DMSO +85% PBS of different pH by cyclic (CV)
and SWV voltammetries. Gold electrodes were modified with 2-
mercaptoethanesulphonic acid (2-MES) and 4-mercaptophenol (4-
MP). The FIS electrochemical behavior at both modified and bare gold
electrodes is compared. Both SAM modified electrodes were character-
ized by reductive desorption, electrochemical impedance (EI) spectros-
copy, contact angle measurements, and by the determination of the
apparent surface pKa. The FIS quantitative determination was carried
out at both modified electrodes through calibration curves obtained
from SWV measurements using the commercial reagent.

2. Experimental

2.1. Reagents

FIS, 2-MES, 4-MP and dodecanethiol (DDT) were purchased from
Sigma-Aldrich. Buffer solutions were prepared by mixing different vol-
umes of 0.5 M NaH2PO4 and 0.5 M Na2HPO4 (both Merck, p.a.) aqueous
solutions. KNO3 and KCl were Merck p.a. Water was purified by a
Labconco WaterPro Mobile System, Model 90901-01. Stock solutions
1 × 10−3 M FIS were prepared in DMSO (Merck, p.a.), and kept in the
refrigerator. Working solutions were prepared daily by adding different
aliquots of the stock solution to 15% DMSO+ 85% PBS of different pH.
All reagents were used as received.

2.2. Apparatus and experimental measurements

CV and SWVexperimentswere performedusing anAutoLab PGSTAT
12 potentiostat, controlled by the GPES 4.9 electrochemical software,
from Eco-Chemie, Utrech, The Netherlands. Electrochemical measure-
ments were carried out in a two-compartment Pyrex cell. The working
electrode was a polycrystalline gold disk of 1.6 mm diameter obtained
from BAS (USA). The gold disk was polished successively with wet alu-
mina powder (0.3 and 0.05 μm, from Fischer). Then, it was copiously
rinsed with distilled water and sonicated in a water bath during
2 min. Polished electrodeswere then pretreated by cycling the potential
between 0.3 and 1.7 V at 0.1 V s−1 in 0.5 M H2SO4 aqueous solution
until the characteristic cyclic voltammogram for a clean gold electrode
was obtained [31]. Electrodes were then rinsed with water and ethanol.
The gold disk microscopic area was obtained from the charge of the re-
duction oxide stripping peak in sulphuric acid aqueous solutions by
using the accepted 430 μC cm−2 ratio [32]. An average microscopic
area of (0.12 ± 0.02) cm2 was calculated from three replicated mea-
surements. SAMwere prepared by immersing the pretreated electrode
in a 1 × 10−2 M stirred ethanolic solution during a given modification
time (tmod), which was varied from 5 to 60 min. After modification,
the electrode was washed with ethanol and water.

The counter electrode was a platinum foil of large area (A ≅ 2 cm2).
An aqueous saturated calomel electrode (SCE) or pseudo-reference sil-
ver wires were used as reference electrodes. Solutions were deoxygen-
ated by bubbling pure nitrogen during at least 10 min prior to the
measurements.

Measurements of pHwere performedwith anOrion 8104 Ross Com-
bination electrode connected to an Orion Model 720A pH-meter, which
was calibrated daily with commercial buffers.

Experiments were performed at 25.0 ± 0.2 °C.
The scan rate (v) in CVwas varied from 0.025 to 0.600 V s−1. Param-

eters of SWV were: the amplitude (ΔESW = 0.025 V), staircase height
(ΔES = 0.005 V), and the frequency (f = 20 Hz).

EI spectroscopy experiments were carried out using an AutoLab
PGSTAT 30 potentiostat controlled by the FRA impedance software These
measurements were performed in 1 × 10−3 M [Fe(CN)6]−4/−3 + 0.1 M
KCl aqueous solutions. The applied dc potential was 0.190 V vs. SCE,
which corresponds to that of the formal potential of the redox couple.
The amplitude of sine wave perturbation was 5 mV. The frequency was
in the range from 0.1 Hz to 10 kHz. The experimental Nyquist plots (out-
of phase, Z″ vs. in phase, Z′ impedance components) were fitted using
the FRA electrochemical impedance software incorporated to the AutoLab
PGSTAT 30 potentiostat.

The contact anglemeasurementswere performed using an Intel Play
QX3 which has a 60× objective. The images were analyzed with the
Image I (plugins DROP ANALYSIS) software.

3. Results and discussion

3.1. Characterization of SAM

We have carried out a characterization of 2-MES and 4-MP mono-
layers to explain the different electrochemical behavior of the FIS first
oxidation peak at both modified electrodes. For comparison, we also
characterize the monolayer formed by the DDT at gold electrodes,
which it is well known to form a compact and tidy monolayer [19].

Thus, we studied the reductive desorption of monolayers in 0.5 M
KOH, which allows to determine the monolayer coverage. Potential
sweeps at sufficiently positive or negative potentials cause desorption
of thiol [19], producing sulfoxy or thiolate anions, respectively [33,34].
Studies related to themonolayer desorption allow to obtain information
about the stability and packing density of the monolayer [35].

In addition, we characterize monolayers through electrochemical
impedance spectroscopy, contact angle measurements, and the deter-
mination of the apparent surface pKa for 2-MES and 4-MP monolayers.

3.1.1. Reductive desorption
When SAM modified gold electrodes are immersed in 0.5 M KOH,

and the potential is swept towards negative potentials, one or two re-
duction peak/s can be observed [36]. The reductive desorption reaction
of the thiolate is well known [19].

Fig. 2 shows cyclic voltammograms obtained for the reductive de-
sorption of SAM formed by 4-MP, 2-MES and DDT. Two desorption
peakswere found for 4-MPand 2-MES SAM (Fig. 2a and b, respectively).
The presence of different crystallographic domains at polycrystalline
gold electrodes is well known [37]. On the other hand, only one



Fig. 2.Cyclic voltammograms recorded for the reductive desorption of thiols in 0.5 MKOH.
a) 4-MP, b) 2-MES and c) DDT. tmod = 60min. v = 0.100 V s−1.
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desorption peak was found for DDT SAM (Fig. 2c). This behavior is ex-
pected when interactions between SAM and the gold electrode surface
is strong. The position and shape of peak/s of desorption give an indica-
tion of the stability and compactness of monolayers [19].

From the reductive charge (Qred) of desorption peak/s,we calculated
Γred of 2-MES, 4-MP and DDT SAM through Eq. (1) [38]:

Γ ¼ Q
n F A

ð1Þ

where Γ = Γred is the surface coverage, Q = Qred, n is the exchanged
electron number, n = 1 [19] and F is the Faraday constant.

Table 1 shows values of Qred, Γred and peak potentials (Ep,1 and Ep,2
for the first and second reduction peaks, respectively) obtained from
the reductive desorption of the different SAM.

From these results, Γred of all monolayers are very close to that ex-
pected for a compact monolayer, i.e., 7.7 × 10−10 mol cm−2 [19],
which would indicate that thiol adsorbed molecules would be in a per-
pendicular direction to the electrode surface [20,39].

3.1.2. Electrochemical impedance spectroscopy
EI spectroscopy allows to evaluate the capability of blocking of a

SAM, the presence of pinholes and/or defects, and to determine its dis-
order degree [40].
Table 1
Parameters obtained from the reductive desorption of SAMof different thiols in 0.5 MKOH
aqueous.

SAM Qred/μC 1010Γred/mol cm−2 Ep,1/Ep,2/V

4-MP 7.8 6.2 −0.64/−0.89
2-MES 9 7.2 −0.62/−0.89
DDT 12 9.5 −1.27
Fig. 3 shows Nyquist plots for the bare electrode, and DDT, 2-MES
and 4-MP modified electrodes. Thus, a plot of Z″ vs. Z′ was linear for
the bare gold electrode, with unit slope (Fig. 3a), showing a diffusion
controlled electrode process (Warburg impedance) [38]. Moreover, a
semi-circle was found throughout of all frequency range studied for
the DDT modified gold electrode (Fig. 3b), which corresponds to a pro-
cess limited by charge transfer. It is well known that longer chain thiols,
and without functional groups exposed to the electrolytic solution gen-
erate more compact and organized monolayers.

For 2-MES and 4-MP SAM (Fig. 3c and d, respectively) the behavior
is similar to that found for the bare gold electrode, and can be explained
by considering the overlapping of the diffusion layer as a result of the
closeness of pinholes and/or defects present in these SAM [41]. This be-
havior also indicates that the charge transfer between 2-MES and 4-MP
modified gold electrodes and the probe redox probe is diffusion
controlled.

The equivalent circuits which describe this behavior are shown in
Scheme 1. For the bare electrode, and 2-MES SAM and 4-MP SAMmod-
ified electrodes, the best fittingwas obtainedwith the equivalent circuit
of Scheme 1a, where CPE and Rs represent the constant phase element
and the resistance of the solution, respectively. Rct andW are the charge
transfer resistance and Warburg impedance, respectively. On the other
hand, the experimental data for the DDT SAM modified gold electrode
were better fitting using the equivalent circuit described by the
Scheme1b, where RSAM is the charge transfer resistance due to the pres-
ence of the SAM, which is associated with the movement of water and
ions within the layer in response to ac perturbation.

The thiol chemical structures can explain the different behavior
found for these modified electrodes. Thus, the 2-MES SAM does not
offer a significant resistance to charge transfer as a result that 2-MES
is a short chain thiol. Moreover, the 4-MP SAM has a high conductivity
due to delocalization of π electrons of the aromatic ring, producing a
low resistance to charge transfer [42]. On the contrary, as it was previ-
ously described the monolayers obtained by DDT are more compact
and tidy [19].

Assuming that all of faradaic current of the redox probe is due to its
discharge at SAM defects is possible to obtain the SAM surface coverage
(θSAM) through the following equation [39]:

θSAM ¼ 1−
Rct;Au

Rct;SAM
ð2Þ

where Rct,Au and Rct,SAM are the resistances to the charge transfer at the
bare gold and SAM modified electrodes, respectively. Values of Rct,Au

and Rct,SAM were obtained from the fitting of impedance spectra using
the equivalent circuits shown in the Scheme 1.

Values obtained per unit area from the best fitting are shown in
Table 2. Values of σ vary between 0 and 1. σ is related to the angle of ro-
tation of a capacitive transmission line on the complex plane plots. A
value of σ= 1 indicates that the behavior of CPE is equal to an ideal ca-
pacitor [41], while values of σ less than unity suggest a structural disor-
der of themonolayer [43,44]. Values ofσ between0.95 and 0.97 indicate
that SAM has a small number of pinholes. Based on σ values (Table 2),
the increasing degree of ordering of SAM would be 2-MES b 4-
MP b DDT. In addition, the impedance of the CPE is given by [45]:
ZCPE = 1/QCPE(jω)σ, where QCPE is a constant in Ω−1 cm−2 sσ, j =
(−1)1/2 and ω the angular frequency (ω= 2πf). QCPE values obtained
were in the following order: DDT b 4-MP b 2-MES (Table 2).

In addition, the Rct increases in the following order: bare Au
electrode b 4-MP b 2-MES b DDT [41]. On the other hand, the solution re-
sistance (Rs) is independent ofmodifications of the electrode surface [45].
Thus, values of Rs obtained from the fitting of experimental data were al-
most constant for bare and modified electrodes. An average value of
Rs = (1.8 ± 0.7) kΩ cm−2 (26 ± 4)Ω cm2 was calculated. In addition,
the same value of the Warburg impedance (182 ± 7) × 10−6 Ω−1 s1/2



Fig. 3. Experimental (●) and theoretical (solid line) Nyquist plots recorded for a) the bare gold electrode, b) DDT, c) 2-MES and d) 4-MP SAM modified electrodes in 1 × 10−3 M of
[Fe(CN)6]−4/−3 in 0.1 M KCl. tmod = 60 min. Frequency range: 0.1 Hz to 10 kHz. Applied dc potential = 0.190 V vs. SCE.
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(21.8 ± 0.9) × 10−6 Ω cm2 s−1/2 was obtained for both the bare and
SAMmodified gold electrodes.

Moreover, different valueswere determined for the surface coverage
(θSAM,imp) of 2-MES, 4-MP and DDT SAM from Eq. 2. This behavior can
be explained considering that only θSAM,imp of the SAM of aliphatic
chains can be considered as surface coverage. On the contrary, values
of Rct of aromatic thiols also include currents transferred through π\\π
bonds, which produces low θSAM,imp as it was found for 4-MP SAM
(Table 2). The order of θSAM,imp of aliphatic thiols was 2-MES b DDT, as
expected considering the aliphatic chain length.

Moreover, higher values of σ correspond to lower values of QCPE, in-
dicating that the more ordered SAM are also those more densely
packed. In addition, bulky tail group with electrical charge produces a
disorder of SAM by electronic repulsion [46].

3.1.3. Determination of apparent surface pKa of SAM
The apparent surface pKa of SAM is one important parameter to

sense the SAM surface properties. The apparent surface pKa measures
the acidity of the SAM, and the surface charge state at a given pH [47].
This parameter can be determined through various techniques, being
the most simple the titration curve obtained from CV and contact
angle measurements [47,48].
Scheme 1. Equivalent electrical circuits used to fit complex impedance plots for: a) bare
and 2-MES and 4-MP SAM modified electrodes and b) DDT SAM modified electrode. Rs

is the solution resistance; CPE is the constant phase element; Rct is the electron transfer
resistance; W is the Warburg impedance, and RSAM is the monolayer resistance to ionic
charge displacement through the film.
3.1.3.1. Cyclic voltammetry. This technique is based on the measurement
of anodic peak currents, Ip,a, from cyclic voltammograms of a simple
redox couple as [Fe(CN)6]−4/−3, which is used as a probe molecule in
aqueous solutions of different pH [47]. The electrochemical response
of this simple redox couple is independent of pH at bare gold electrodes.
However, the charge transfer between this simple redox couple and the
electrode surface depends on the dissociation degree of the tail groups
at a SAMmodified electrode. Therefore, if AH is the tail acid group pre-
sents in a SAM, and considering the dissociation of a surface weak acid,
the equilibrium can be described by [49]:

ΓAH ⇋ ΓA− þ ΓHþ ð3Þ

The apparent surface Ka is defined by Eq. (4):

pKa ¼ pH þ log
ΓA−½ �
ΓAH½ � ð4Þ

where ΓA− and ΓAH are the surface coverage's of the dissociated and
non-dissociated forms of the SAM, respectively (the complete surface
coverage of the monolayer is defined to be at unit concentration).

Assuming that the apparent total current (I) have contributions of
both currents generated by the probe molecule at the SAM dissociated
species (IA−) and the non-dissociated species (IAH), and considering
that I= IA− [ΓA−]+ IAH [ΓAH] and [ΓA−]+[ΓAH]=1, it is possible to ob-
tain:

pKa ¼ pH þ log
IAH−IA−ð Þ
I−IA−ð Þ−1

ð5Þ

where IA− and IAH can be determined at high and low pH, respectively.
Eq. (5) can be re-written as:

I ¼ IA− þ IAH−IA−

10pKa−pH þ 1
ð6Þ



Fig. 4. Dependence of Ip,a with the pH for 4-MP (a) and 2-MES (b) SAM modified
electrodes in 1 × 10−3 M of [Fe(CN)6]−4/−3 redox couple in 0.1 M KCl. Experimental
(●) and fitting (solid line) performed using Eq. (6). In the insert of Fig. 4a is shown the
differential curve obtained from the fit of experimental data. tmod = 60min.

Table 2
Element values of equivalent circuits that best fit electrochemical impedance spectroscopy responses for both bare and SAM gold modified electrodes.

SAM QCPE/μΩ−1 cm−2 sσ σ Rct (kΩ cm2) RSAM (kΩ cm2) χ2a θSAM

Bare gold 1.7 ± 0.4 1.0 ± 0.1 0.036 ± 0.002 – 0.008 –
2-MES 7.7 ± 0.4 0.76 ± 0.01 0.19 ± 0.01 – 0.026 0.806
4-MP 0.19 ± 0.08 0.89 ± 0.02 0.041 ± 0.002 _ 0.028 0.123
DDT 0.035 ± 0.003 0.98 ± 0.02 36 ± 2 1.04 ± 0.03 0.267 0.999

a χ2 is the chi square function. σ is defined in the text (Section 3.1.2).
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Thus, a plot of I as a function of pH gives a sigmoid curve, with an in-
flexion point at a value equal to SAM apparent surface pKa.

Fig. 4 shows the variation of Ip,a, recorded for 1 × 10−3 M
[Fe(CN)6]−4/−3 + 0.1 M KCl as a function of pH for 4-MP SAM (Fig.
4a), and 2-MES SAM (Fig. 4b).

The differential curve obtained for 4-MP SAM from fitting of experi-
mental data is shown in the inset of Fig. 4a. A value of apparent surface
pKa = 9.76 was determined for 4-MP SAM. The apparent surface pKa of
2-MES SAM could not be determined (Fig. 4b), which indicates that tail
group of this thiol is deprotonated at all pH values.

The charge transfer between the electrode surface and the redox
couple is related to the charge of tail group of the thiol. Thus, the tail
group of 4-MP SAM has no charge up to about pH 7.96. However, it is
negatively charged as the pH increases, resulting in an electrostatic re-
pulsion between the modified surface electrode and the probe mole-
cule. This behavior leads to a decrease in current and an increase in
the separation between the anodic and the cathodic peak potentials in
cyclic voltammograms.

3.1.3.2. Contact angle measurements. The contact angle (γ) is defined as
the angle formed between a solid surface and the tangent plane to a liq-
uid surface, measured on the line of intersection [50]. The contact angle
depends mainly on the cohesive forces that exist between the solid and
the liquid. Thus, when the adhesive strength with the solid surface is
very large in relation to the cohesive forces, the contact angle is b90°
[51]. Contact angle measurements provide information about the com-
position and structures of the surfaces, mainly related to the hydropho-
bicity when the liquid used is water [52].

For SAM modified surfaces, contact angle measurements allow
obtaining information about thewettability, thickness and the order de-
gree of the SAM, and the polarity of the surface functional groups [19]. It
iswell known that for compact SAMof alkanethiols onAu(111) surfaces
the contact angle in aqueous solution is 112°, while that for hydrophilic
surfaces the angles are smaller than 15° [19].

When the hydrophobicity of the modified surface depends on the
solution pH, it is possible to determine the apparent surface pKa
through the pH of the intersection point.

The sigmoid curve is given by [53]:

cosγ ¼ cosγΓAH þ cos γΓA− − cosγΓAH

10pKa−pH þ 1
ð7Þ

where cosγΓAH and cosγΓA
− are the cosines of contact angles of protonat-

ed and deprotonated forms of the surface monolayer, respectively.
Contact angle measurements were carried out at bare gold and both

2-MES and 4-MP SAMmodified electrodes, using drops at different pH.
The modified electrode was rinsed with water and then with the corre-
sponding buffer solutions betweenmeasurements [53]. Fig. 5 shows the
drop profiles obtained for the different electrodes tested. Contact angles
for 2-MES SAM modified electrodes varied from 45° to 53° at different
pH's, indicating that the monolayer chemical and structural properties
are similar and independent of the pH. Contac angles for 4-MP SAM
modified electrodes were of 41° for pH's 4–6. Then, the value decreased
as the pH increased, reaching a value of 27° for pH's 12 and 13. This re-
sult indicates that the monolayer structural properties are pH
dependent, and the monolayer presents an increase in hydrophilicity
as the pH increases.

Fig. 6 shows the dependence of cos γwith the pH of drops for 4-MP
SAM modified electrode (Fig. 6a) and bare and 2-MES SAM modified
electrodes (Fig. 6b). The insert of Fig. 6a shows the corresponding differ-
ential curve. From the fitting of experimental data a value of 9.1was de-
termined for the apparent surface pKa of 4-MP SAMmodified electrode.
On the other hand, the contact angle measurements showed no depen-
dence with the pH of drops for both the bare and 2-MES SAMmodified
electrodes (Fig. 6b). These results are in very good agreement with
those obtained by CV.

It is known that the apparent surface pKa of SAM with acid groups
exposed to the electrolytic solution is higher than the pKa of the same
thiol in solution [49]. The increase in apparent surface pKa can be attrib-
uted to the formation of intermolecular hydrogen bonds, being the pro-
tons strongly bonded to the electrode surface andmakingmore difficult
the deprotonation [47,49]. In addition, the deprotonation of an acid
group in a SAM is thermodynamically unfavorable due to electrostatic
repulsion of the ionized groups in the SAM/solution interface [39].



Fig. 5. Drop profiles obtained for both the bare gold and 4-MP and 2-MES SAM modified
gold electrodes at different pH's.

Fig. 6. Dependence of cos γwith the pH of drops for: a) (●) experimental and theoretical
(solid line) values obtained for 4-MP SAM modified electrode. Insert of Fig. 6a shows the
corresponding differential curve, and b) (o) bare and (●) 2-MES SAMmodified electrodes.
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On the other hand, the contact angles obtained for 2-MES SAM and
4-MP SAM are higher than those expected for a more compact and or-
derly monolayer [19]. This behavior also reflects a certain degree of dis-
order in these monolayers at all pH.
3.2. Electro-oxidation of FIS on bare gold electrodes

Fig. 7 shows cyclic voltammograms of FIS at a bare gold electrode in
15% DMSO+ 85% pH 4.00 PBS. FIS shows a complex oxidation mecha-
nism with three oxidation peaks identified as I, II and III, respectively.
This behavior is similar to that previously reported at glassy carbon elec-
trodes [15–18]. Peak I is the FIS main oxidation peak. It shows a quasi-
reversible behavior, with an anodic peak potential (Ep,a) at about
0.340 V vs. SCE. It is well known that the charge transfer process for
peak I corresponds to the oxidation of the 3′,4′-dihydroxy group in
the B ring (Fig. 1), giving the corresponding quinone species as the
main oxidation product [54]. An important feature of FIS cyclic voltam-
mograms was that the Ep,a of peak I was shifted tomore positive poten-
tials and its Ip,a decreased significantly on successive scans (dash and
dash dot lines in Fig. 7). This behavior suggests that the electrode is foul-
ing by adsorption of FIS and/or its oxidation products.

We have previously discussed the nature of peaks II and III [18].
3.3. Electro-oxidation of FIS at gold electrodes modified with self-assembled
monolayers

3.3.1. 2-MES SAM
Firstly, we studied the effect of the electrode modification time

(tmod) in the solution of 2-MES on FIS voltammetric responses. In spite
of we found that voltammetric responses were practically independent
of tmod, shortmodification times (about 5 min) produced less reproduc-
ible voltammetric signals. However, a tmod ≥ 60 min allowed us
obtaining a high reproducibility and repeatability in voltammetric re-
sponses. Thus, a tmod = 60 min was chosen for subsequent experi-
ments. This behavior could be explained considering that a longer tmod

allows a better organization of the SAM [19]. Under these experimental
conditions, successive scans showed a slight decrease in the current



Fig. 7. Consecutive cyclic voltammograms of FIS in 15% DMSO+ 85% pH 4.00 PBS at bare
gold electrode (solid, dash, and dash dot lines are the first, second and the third scans,
respectively). Line 1 is the cyclic voltammogram of the blank. cFIS∗ = 1 × 10−4 M. v =
0.050 V s−1. Arrows indicate the direction of potential sweep.

Fig. 8. a) Cyclic voltammograms of FIS at 2-MES SAM modified electrode at different pH: 1
voltammograms recorded in the scan rate range from 0.025 to 0.600 V s−1 at 2-MES SAM
potential sweep. c) A plot of the anodic peak current (Ip,a) as a function of the v1/2. cFIS∗ =1 × 1
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only in the first two sweeps, and the voltammetric response was stabi-
lized after the third sweep.

Fig. 8a shows cyclic voltammograms recorded for the FIS first oxida-
tion peak at 2-MES SAMmodified electrodes in the pH range from2 to 8.
As the pH increases, the voltammetric response is shifted to less positive
potentials. This behavior is expected when phenolic species are respon-
sible for the electro-activity of the compound [55].We previously found
a similar dependence with the pH for the FIS first oxidation peak at
glassy carbon electrodes [18].

On the other hand, the FIS acid dissociation constants were deter-
mined by capillary zone electrophoresis. Values of pKa1 = 7.27 ± 0.09
and pKa2 = 9.44 ± 0.07 were obtained for the first and the second acid
dissociation constants [56]. Thus, the protonated species would be the
only species present in solution in the pH range from 2 to 5. At pH N5 a
mixture of dissociated and non-dissociated species would be present in
solution. In addition, the recorded currents are smaller than those obtain-
ed on the bare gold electrode (compare Figs. 7 and 8), indicating that the
electron transfer reaction is occurring through pinholes and/or defects
present in themonolayer. In addition, the definition of the complementa-
ry cathodic peak also showed a dependence on the pH. Thus, it is better
defined at pH's 3–5. Moreover, a small complementary cathodic peak is
also observed at pH's 2, 6, 7 and 8. Based on these results, we chose a
) 2.00, 2) 3.00, 3) 4.00, 4) 5.00, 5) 6.00, 6) 7.00 and 7) 8.00. v = 0.050 V s−1. b) Cyclic
modified electrode in 15% DMSO + 85% pH 4.00 PBS. Arrows indicate the direction of
0−4 M.
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pH 4 for further studies. This pH valuewas chosen because the redox cou-
ple shows a slightly greater reversibility at pH 4 than at pH 3 and 5.

A plot of the Ep,a as a function of pH was linear (r = 0.9978) with a
slope of −(0.063 ± 0.002) V/decade, indicating that the same number
of electrons and protons is involved in the electrode process [57].

Fig. 8b shows cyclic voltammograms recorded at pH 4 for the FISfirst
oxidation peak in the scan rate range from 0.025 to 0.600 V s−1. Plots of
Ip,a vs. v1/2 were linear (Fig. 8c). These findings show that the electrode
process is controlled by diffusion [38]. In addition, the separation be-
tween anodic and cathodic peak potentials, ΔEp, was (0.035 ±
0.001) V in the scan rate range from 0.025 to 0.150 V s−1 indicating
that the exchanged electron numbers is 2 [38]. Moreover, when the
electrode was transferred to a blank solution after recording cyclic volt-
ammograms in the presence of FIS no voltammetric signal was ob-
served, indicating that the adsorption process is negligible. These
findings would indicate that monolayers contain either many closely
spaced small pinholes, or a few large pinholes, giving rise to the typical
voltammetric signals controlled by diffusion [58].

3.3.2. 4-MP SAM
Fig. 9 shows FIS cyclic voltammograms recorded at 4-MP modified

gold electrodes in 15% DMSO + 85% pH 4.00 PBS. A quasi-reversible
redox couple is also found for the FIS first oxidation peak, with a Ep,a
at about 0.375 V (line 2 in Fig. 9). The voltammetric signal stabilization
was also obtained after three successive sweeps. A similar voltammetric
signal was obtained in a blank solution (15% DMSO+ 85% pH 4.00 PBS)
when themodified electrode was previously immersed in a FIS solution
for a given time (t = 5 min), but with currents lower than those obtain-
ed in the presence of FIS (line 3 in Fig. 9). Voltammetric responses were
highly reproducible on successive scans. This behavior shows that FIS is
adsorbed at the surface of this modified electrode. On the other hand,
studies related to the dependence of Ip,a with v demonstrated that the
electrode process in FIS solutions shows a diffusion/adsorption mixed
control [59].

Based on these results, we studied the surface redox couple in blank
solutions (15% DMSO+ 85% pH 4.00 PBS). Thus, the surface coverage
(Γ) was determined from Eq. (1) [38], where Q is the charge under the
oxidation (QFIS, red) or the reduction (QFIS,ox) peaks of the FIS surface
redox couple, A is the microscopic electrode area, F was previously de-
fined and n the exchanged electron number, i.e., n = 2.

Values of ΓFIS ,red and ΓFIS ,ox of (2.0 ± 0.2) × 10−12 mol cm−2 and
(2.4 ± 0.2) × 10−12 mol cm−2, respectively, were obtained for
Fig. 9. Cyclic voltammograms recorded in 15% DMSO+ 85% pH 4.00 PBS at 4-MP SAM
modified electrode in: the blank solution (line 1); in the presence of FIS (line 2), and in
the blank solution after immersing the modified electrode in the FIS solution during
5 min (line 3). cFIS∗ = 1.9 × 10−4 M. v = 0.050 V s−1. Arrows indicate the direction of
potential sweep.
1 × 10−6 M FIS bulk concentration. These values are lower than those
expected for a monolayer of adsorbed substrate [38]. This behavior
can be explained considering that the FIS adsorption occurs in pinholes
and/or defects of themonolayer. The specific interaction of both FIS and
its oxidation product (FIS, ox)with 4-MP-SAMmodified electrode could
be explained considering the presence of phenolic groups in both FIS
(Fig. 1) and 4-MP.

3.3.3. Analytical application
It is well known that SWV is an effective and rapid electroanalytical

technique, because it is able to discriminate against background cur-
rents, and diminish the limit of detection (LOD) [60,61].

The net anodic peak currents (Ip,n) of SW voltammograms of FIS in
15% DMSO+ 85% pH 4.00 PBS at 2-MES-SAMmodified electrode were
obtained in the concentration range from 1 × 10−7 to 1 × 10−4 M (Fig.
10a). The linear regression between Ip,n and cFIS

∗ could be expressed by
least-square procedure as:

Ip;n Að Þ ¼ 0:027� 0:001ð Þ c�FIS Mð Þ þ 10� 5ð Þ x 10−8 Að Þ r
¼ 0:9919 ð8Þ

The lowest concentration measured experimentally for a 3:1 signal
to noise ratio was 5 × 10−8 M (14.3 ppb). Reproducibility was deter-
mined from measurements made with four different modified elec-
trodes. Thus, from slopes of the calibration curves a percent relative
standard deviation (RSD %) of 2.2% was obtained. The repeatability
was determined from five calibration curves obtained with the same
modified electrode. From slopes of calibration curves, a RSD % = 0.5%
was calculated.

On the other hand, and considering the surface nature of FIS redox
couple at 4-MP-SAM modified electrodes, we studied which was the
best potential (Eacc) and the accumulation time (tacc) to perform the cal-
ibration curves. Thus, the Eacc was varied from −0.100 to 0.100 V vs.
SCE. We found that there were no significant changes in current re-
sponses with the Eacc. However, the current response was higher
when an Eacc was applied comparedwith those obtained at open circuit
potential. Therefore, an Eacc = 0.1 V was used. In addition, the tacc was
varied from 10 to 900 s. We found that the current increased with in-
creasing tacc, but almost constant current values were obtained for
tacc ≥ 900 s. Thus, tacc = 900 s was chosen as the best to carry out the
calibration curve. The linear range was from 1 × 10−6 to 1 × 10−5 M
(Fig. 10b). The calibration curve can be expressed by least-square proce-
dure as:

Ip;n Að Þ ¼ 0;063� 0;001ð Þ c�FIS Mð Þ þ 1;8� 0;8ð Þ x 10−8 r
¼ 0:9988 ð9Þ

The lowest concentration measured experimentally for a signal to
noise ratio of 3:1 was 5 × 10−7 mol L−1 (143 ppb). The reproducibility
was 1.6%. We found that a modified electrode could be used again if it
left a period of about 20 min in the blank solution (15% DMSO+ 85%
pH 4.00 PBS). Thus, the repeatability was 1.3%.

4. Conclusions

We discuss the fisetin first electrochemical oxidation peak at
gold electrodes modified with 2-mercaptoethanesulphonic acid
and 4-mercaptophenol self-assembled monolayers in 15%
dimethylsulfoxide + 85% phosphate buffer solutions of different
pH.

The monolayers were characterized by reductive desorption, elec-
trochemical impedance spectroscopy, contact angle measurements,
and the determination of the apparent surface pKa.

Both thiols form monolayers with a relatively high coverage and
with a perpendicular orientation to the electrode surface, but with a
low degree of packing, which is expected to short-chain thiols.



Fig. 10. Square wave voltammograms recorded in 15% DMSO + 85% pH 4.00 PBS at
different FIS bulk concentrations at a) the 2-MES SAM modified electrode. The cFIS

∗ was
from 1 to 10: 1 × 10−7, 5 × 10−7, 1.1 × 10−6, 5 × 10−6, 1.1 × 10−5, 2.1 × 10−5,
3.5 × 10−5, 5 × 10−5, 6 × 10−5 and 1.1 × 10−4 M, and b) at the 4-MP SAM modified
electrode obtained as it is described in Section 3.3.2, where cFIS

∗ was from 1 to 6:
1 × 10−6, 2 × 10−6, 4 × 10−6, 6 × 10−6, 8 × 10−6 and 1 × 10−5 M. ΔESW = 0.025 V,
ΔEs = 0.005 V and f = 20 Hz. Eacc = 0.1 V, tacc = 900 s.

9E. Maza et al. / Journal of Electroanalytical Chemistry 790 (2017) 1–10
From the apparent surface pKa values, we could infer that the 2-
mercaptoethanesulphonic acid is deprotonated at all pH, generating a
modified surface with a negative charge. This negative charge would
prevent fisetin adsorption at thismodified electrode, giving rise to a dif-
fusion controlled and highly reproducible electrochemical response.

On the other hand, values for the apparent surface pKa of 9.76 and
9.1were determined for 4-mercaptophenolmonolayer from cyclic volt-
ammetry and angle contactmeasurements, respectively, indicating that
at pH 4 the monolayer is protonated. The presence of the phenolic
group on the electrode surface would be responsible for fisetin adsorp-
tion on this modified electrode.

Thesemodified electrodeswere also used to perform thefisetin elec-
troanalytical determination using the commercial reagent.
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