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Sensor for fisetin based on gold nanoparticles in ionic liquid and binuclear

nickel complex immobilized in silica
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Gold nanoparticles dispersed in an ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
(Au-BMI.PF) and a binuclear nickel(ir) complex ([Ni,(HBPPAMFF)u-(OAc),(H,O)]BPhy)
immobilized on functionalized silica were successfully applied in the construction of a novel sensor for
the determination of fisetin by square-wave voltammetry. Under optimized conditions, the analytical
curve showed two linear ranges for fisetin concentrations from 0.28 to 1.39 uM and 2.77 to 19.50 uM
with a detection limit of 0.05 uM. This sensor demonstrated suitable stability (ca. 150 days; at least
500 determinations) and good repeatability and reproducibility, with relative standard deviations of
2.91 and 5.11%, respectively. The recovery study of fisetin in apple juice samples gave values from 96.4
to 106.4%. The efficient analytical performance of the proposed sensor can be attributed to the effective
immobilization of the Ni"Ni" complex on silica and the Au-BMI.PF¢ contribution to the electrode

response.

Introduction

Flavonoids are a group of polyphenolic compounds found
ubiquitously in plants, and they have broad pharmacological
activity, alleged anti-ageing properties, and are subsequently
used in a great variety of health products."? Fisetin (3,7,3,4'-
tetrahydroxyflavone), a naturally occurring flavonol, is
amember of the flavonoids which has attracted attention because
of its strong antioxidant properties and is suggested as a poten-
tially useful therapeutic agent against various free radical-
mediated diseases.’® Fisetin is found in fruits and vegetables,
such as strawberry, apple, grape, onion and cucumber. This
polyhydroxyflavone is thought to be beneficial against various
diseases including cancer, cardiovascular and neurodegenerative
disorders (e.g. Alzheimer’s disease).*® Recently, Maher and
co-authors® showed that fisetin enhances memory, and therefore
it may be useful for treating patients with memory disorders.
Several analytical methods have recently been proposed for
the determination of fisetin and other flavonoids, including high-
performance liquid chromatography (HPLC),'*™ capillary
electrophoresis’®!! and electrochemical methods.** Fang et al.'?
proposed a reversed-phase HPLC method for determination of
flavonoids in red wine. The calibration curve for fisetin was linear
over the range of 1.55-24.80 mg L' and the limit of detection
was 14.6 pg L~'. However, many of these conventional analytical
methods are very expensive and require long execution times.
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The development of a sensor for voltammetric analysis is an
attractive alternative for fisetin quantification because it offers
important advantages including good sensitivity, fast response,
no need for sample pretreatment, simplicity of construction and
operation, cost-effectiveness and easy renovation of the surface.
Various sensors for the determination of phenolic compounds
have been constructed employing electroactive mono- and
polymetallic complexes.’**® The redox behavior of complexes
which present catalytic activity toward important species is of
great interest and has been attracting the attention of researchers
for some time, due to the possibility of their application in sensor
development. For example, de Oliveira et al.'” presented a dinu-
clear iron complex, [Fe"Fe"(BPBPMP)(OACc),]ClO,, containing
the unsymmetrical ligand 2-bis[{(2-pyridylmethyl)-amino-
methyl}-6-{(2-hydroxybenzyl)(2-pyridylmethyl)} -aminomethyl]-
4-methylphenol (H,BPBPMP), which has been described as
being the first synthetic analogue for the redox properties of
uteroferrin. This iron complex was employed in the construction
of a new sensor for the determination of phenolic compounds by
square-wave voltammetry. Recently, self-assembled monolayers
of a nickel(1) complex and 3-mercaptopropionic acid on a gold
electrode were obtained for determination of catechin in green
tea, as described by Moccelini and co-workers.’® This sensor
exhibited a linear response for catechin concentrations from 3.31
to 25.30 uM and the detection limit was 0.826 uM.
Immobilization of transition-metal complexes by anchoring
on solid supports has been the focus of a wide range of studies.
These materials can be employed in areas such as catalysis and
electroanalytical chemistry and, in particular, as electron-trans-
fer mediators in molecular devices and multielectron transfer
catalysis.’* Among a series of important supports, silica is
widely used as a supporting material because it presents advan-
tageous properties such as high thermal, chemical and mechan-
ical stability. In addition, the surface of silica can be chemically
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modified by attaching a great variety of pendant functional
groups due to the presence of silanol groups.’®?'-2* These mate-
rials have been applied in the development of novel electro-
chemical sensors through the immobilization of electron
mediator or electroactive species on the modified silica, incor-
porated especially in carbon-paste electrodes.6%2!

In recent years, the study of nanoscale materials has been
extensive, particularly with respect to metallic nanoparticles due
to their unique chemical and physical characteristics compared
with the bulk solids. Their catalytic activity, size controllability,
high active surface area, chemical stability and attractive optical
properties make them very useful in catalytic reactions and
electroanalytical applications.>*2¢ In particular, gold nano-
particles have been utilized progressively in the development of
electrochemical sensors, increasing the sensitivity of the method
to facilitate the electron transfer.>>*’2° Franzoi and co-workers®
developed novel biosensors based on silver or gold nanoparticles
dispersed in ionic liquid (IL) and laccase immobilized in chitosan
chemically crosslinked with cyanuric chloride. The proposed
biosensors were employed in luteolin determination and the
biosensor containing gold nanoparticles presented greater
sensitivity.

In addition, ionic liquids (ILs) are gaining wide recognition as
novel solvents in several areas of chemistry. The unusual prop-
erties of the ILs, such as high ionic conductivity, catalytic
activity, negligible vapor pressure, and electrochemical and
thermal stability*®3! make them attractive materials for organic
chemical reactions,?® polymer synthesis and analytical applica-
tions.*** In particular, they are widely used for the synthesis and
stabilization of inorganic nanomaterials (e.g. metallic nano-
particles)®>3¢ and the construction of modified electrodes.’”* In
a study performed by Musameh and Wang,*” ILs were used to
prepare carbon paste electrodes with improved sensitivity, line-
arity, and stability.

In this study, gold nanoparticles dispersed in the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate (Au-BMI.PF)
and a binuclear nickel() complex ([Niy(HBPPAMFF)-
n-(OAc),(H,0)]BPh,) immobilized on 3-aminopropyl-function-
alized silica were employed to develop a novel sensor for fisetin.
The amount of nickel complex immobilized in the silica and Au
nanoparticles in the IL (Au-BMI.PFg) in the composition of the
electrode, as well as the effect of the various operational
parameters on the sensor response, were investigated in detail to
obtain the best performance of the proposed sensor. The opti-
mized sensor was then applied to fisetin determination in apple
juice samples by square-wave voltammetry.

Experimental
Reagents and solutions

Fisetin was purchased from Aldrich and a standard solution
(0.28 mM) was prepared daily in ethanol-water solution
(40 : 60%, v/v). Rutin, caffeic acid, chlorogenic acid, catechin,
quercetin, malic acid, fumaric acid, citric acid, oxalic acid, ben-
zoic acid, ascorbic acid and 3-aminopropyl functionalized silica
gel (particle size 40-63 um and pore size 60 A) were obtained
from Sigma. All reagents were of analytical grade, used
without further purification and all solutions were prepared with

double-distilled water. Acetate buffer (0.1 M, pH 5.0) solution
was used as the supporting electrolyte. The gold nanoparticles
dispersed in the ionic liquid 1-butyl-3-methylimidazolium hexa-
fluorophosphate (Au-BMI.PF¢) were synthesized as previously
described in the literature.***' Graphite powder (Acheson 38,
Fisher Scientific) and Nujol (Aldrich) of high purity were used in
the preparation of the carbon paste.

Synthesis and characterization of gold nanoparticles in ionic
liquid BMI.PF¢

The Au-BMI.PF¢ was synthesized by placing HAuCl,-3H,O
(10 mg; 25 mmol) dissolved in 0.5 mL of MeOH and dispersed in
0.5 mL of BMI.PF ionic liquid in a Schlenk tube. The solution
was stirred at room temperature for 15 min and 1-methyl-
imidazole (5 pg; 0.06 mmol) was added. A solution containing
NaBH, (9.25 mg; 250 mmol) was dissolved in 0.5 mL of MeOH,
dispersed in 0.5 mL of BMI.PFy ionic liquid, 24 h before use.
After stirring, the solution containing NaBH, in MeOH and
BMI.PF¢ was added to the solution containing HAuCl,-3H,O in
MeOH and BMI.PFg, and a blue “solution” was obtained, and
dried under reduced pressure.*! The Au nanoparticles were iso-
lated by centrifugation (3500 rpm) with the addition of 5.0 mL of
acetone for 3 min and washed with acetone (3 x 15 mL) and
dichloromethane (3 x 15 mL), dried under reduced pressure and
isolated for the characterization of Au.BMIPF¢ by TEM
analysis.

TEM analysis of the isolated Au-BMI.PF¢ nanoparticles was
performed using a JEOL JEM1200EXII microscope operating at
120 kV. A 20 um objective aperture and slightly under-focused
(4f = —300 nm) objective lens were used to obtain the bright field
TEM images. The histograms of the Au-BMI.PF4 nanoparticle
size distribution were obtained from measurements of around
300 diameters and were reproduced in different regions of the Cu
grid.*?

Synthesis and characterization of the ligand and Ni"Ni" complex

The synthesis and characterization of the ligand and binuclear
nickel() complex were thoroughly studied. The ligand 2-[(N-
benzyl-N-2-pyridylmethylamine)]-4-methyl-6-[ N-(2-pyridylmethyl)-
aminomethyl]-4-methyl-6-formylphenol (H,BPPAMFF) was
characterized by 'H NMR 6y (400 MHz; CDCl3): 10.2 [1H,
aldehyde], 8.5 [2H, Py]; 7.6-6.8 [15H, Ar]; 3.8-3.6 [12H, CH],
2.2 [6H, CHj] in ppm. CHN%(C;;H33N403) found (calc) C
75.2(75.7), H 6.1(6.5), N 9.5(9.2) melting point (57-62 °C). Yield:
70%. The complex [Ni,(HBPPAMFF)u-(OAc),(H,O)|BPh, was
synthesized in methanolic solution by mixing Ni(ClOy),-6H,0
(0.73 g, 2 mmol, in 20 mL) and the H,BPPAMFF ligand (0.58 g,
1 mmol, in 20 mL) with stirring and mild heating (60 °C). After
15 min, the NaCH3;COO-3H,0 (0.16 g, 2 mmol) was added, and
a green solution was obtained. NaBPh, (0.34 g, | mmol) was then
added, and immediately a light green solid was formed, which
was filtered off and dried under vacuum for 24 h. Yield: 58%. IR
(KBr), in cm™': » (C-Hya, and C—Hyjipn) 3431 — 2922; v (C=N
and C=C) 1637-1427; v,s (OAc) 1552; vgym (OAc) 1479; v(H-
Opien), 13757 (C-0) 1263; 6 (C—Ha,) 734 and 705. CHN% Calc.
for Ni,CgsHg7N4OgB (Found): C 67.2 (67.6); H 5.8 (5.7) N 4.8.
Ay = 120 Q7' ecm? mol™! in CH;CN electrolyte 1 : 1; Uv-vis
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308 nm (¢ =4300 mol L' cm™'), 390 nm (e =4700 mol L' cm ™),
604 nm (¢ = 20 mol L~! cm™") in acetonitrile.

Immobilization of the Ni"Ni" complex on functionalized silica

The 3-aminopropyl functionalized silica gel (extent of labeling
~1 mmol g~!' NH, loading, active group ~9% functionalized,
matrix irregular silica particle platform, matrix active group NH,
phase, particle size 40-63 pm, pore size 60 A, surface area 550 m?
g ') was used as the support for Ni"Ni" complex immobilization.
Briefly, a mass of 1.0 g of silica was suspended in 10 mL of
acetonitrile under mild magnetic stirring, and 0.1 g (~86 umol) of
the complex [Nio(HBPPAMFF)u-(OAc),(H,0)|BPh, diluted in
a minimal amount of acetonitrile was added. After 24 h of
reaction (at room temperature), the solid was filtered off and
washed exhaustively with acetonitrile in a Soxhlet extractor for
12 h. The color of the silica became a strong light yellowish green,
and the supernatant solution was stored quantitatively to
determine the amount of [Ni,(HBPPAMFF)u-(OA-
¢)>(H,0)]BPh, immobilized on the support. The immobilized
silica-complex product was finally dried at room temperature for
24 h, and characterized by IR, showing one weak band at
1630 cm ™! (vC=N) which indicated the formation of an imine
bond. Other bands were revealed by the strong stretching
vibrations of »(Si-O) and solid-state UV-Vis (KBr pallets) at
442 nm, 478 nm and 640 nm.

Sensor construction

The sensor was constructed by mixing of the Ni"Ni" complex
immobilized on silica (7.5 mg; 5%, w/w) and graphite powder
(75.0 mg; 60%, w/w) in a mortar for 20 min to ensure the uniform
dispersion of the complex. Subsequently, Nujol (22.5 mg; 17.5%,
w/w) and gold nanoparticles dispersed in BMI.PF ionic liquid
(22.5 mg; 17.5%, w/w) were added and mixed for at least 20 min
to produce the final paste. The resulting modified carbon paste
was packed into a plastic syringe (1.0 mm internal diameter) and
a copper wire was inserted to obtain the external electric contact.
The sensor without nanoparticles containing Nujol and mixtures
of Nujol : BMI.PF¢ and the sensor of free nickel complex were
prepared following the same steps. The bare carbon paste elec-
trode (bare CPE) was prepared in a similar way by mixing
graphite powder and Nujol in a mortar. The constructed elec-
trodes were stored at room temperature in a dry place when not
in use.

Instrumentation and electrochemical measurements

Square-wave voltammetry measurements using the sensor were
performed on an Autolab PGSTATI12 potentiostat/galvanostat
(Eco Chemie, Utrecht, The Netherlands) connected to data
processing software (GPES, version 4.9.006, Eco Chemie). A
conventional three-electrode system was used with a sensor based
on gold nanoparticles dispersed in ionic liquid (Au-BMI.PF)
and Ni"Ni" complex immobilized on the support as the working
electrode, a platinum wire as the counter electrode and an
Ag/AgCl (3.0 M KC(l) electrode as the reference electrode.

The general procedure used for electrochemical measurements
was as follows: 10.0 mL aliquots of the acetate buffer solution
(0.1 M; pH 5.0) at room temperature (25.0 + 0.5 °C) were

transferred to a clean dry cell and successive additions of fisetin
or sample solutions were made using a micropipette. The square-
wave voltammetry measurements were performed applying
a sweep potential between +0.60 and —0.10 V, at frequency 10—
100 Hz, pulse amplitude 10-100 mV and scan increment 1.0-12.0
mV, after successive additions of the analyte. All potentials were
measured and reported vs. Ag/AgCl (3.0 M KCl), after a suitable
initial stirring time of 60 s in order to homogenize the solution.

Preparation and analysis of apple juice samples

Four samples of apple juice were obtained from local super-
markets in Floriandpolis (Santa Catarina, Brazil) and analyzed
using the proposed sensor. The samples were prepared by dilu-
tion of apple juice in acetate buffer solution (0.1 M; pH 5.0) at
room temperature (25.0 + 0.5 °C), after which the solutions were
filtered and homogenized for about 1 min, without the need for
additional treatment of these samples. Aliquots of juice samples
were transferred to an electrochemical cell and successive addi-
tions of fisetin standard solution were made using a micropipette.
After each addition, square-wave voltammograms were recorded
by scanning the potential from +0.60 to —0.10 V, at a frequency
of 60 Hz, pulse amplitude of 100 mV and increment of 10.0 mV.
All measurements were performed in triplicate.

Results and discussion
Characterization of Au nanoparticles in BMI.PF¢

The morphology and electron diffraction of the isolated
Au-BMI.PF¢ nanoparticles were analyzed by TEM. The sample
of Au-BMI.PF¢ was agitated ultrasonically and then deposited
on holey carbon film supported by a copper grid. The grids were
placed on filter paper to remove the excess material, allowed to
dry out for 2 h under high vacuum and the samples examined.
Bright field TEM observations were performed under slight
under-focus conditions (Af = —300 nm), and particle size
distributions of the Au-BMI.PF¢ were determined once the
original negative had been digitalized and expanded to 470 pixels
cm™' (Fig. 1-A). The particles display an irregular shape, but
evaluation of their characteristic diameter results in a mono-
modal particle size distribution. A mean diameter of d,, = 11 +
0.3 nm of the Au-BMI.PFg4 nanoparticles was estimated from
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Fig. 1 TEM micrographs (A) and histograms (B) showing the particle
size distribution of Au-BMI.PFy.

This journal is © The Royal Society of Chemistry 2010

Analyst, 2010, 135, 1015-1022 | 1017



ensembles of 300 particles, found in an arbitrarily chosen area of
the enlarged micrographs. Fig. 1-B shows the particle size
distributions obtained that can be reasonably well fitted by
a Gaussian curve. The TEM analysis of the proposed sensor
was carried out to verify the presence and dispersion of the
Au-BMI.PFg.

Cyclic voltammetry of the binuclear nickel complex

Complexes which are capable of mimicking the active site of
different enzymes have been successfully used in the construction
of novel sensors. In recent years, we have synthesized and
characterized different structural and functional model
complexes for the construction of sensors for the determination
of phenolic compounds. These have shown high stability,
performance and sensitivity.'”'® In this paper, a novel binuclear
nickel complex with high catalytic activity and affinity for
diphenols was investigated.

This binuclear nickel complex was analyzed by cyclic vol-
tammetry to investigate its electrochemical behavior. Fig. 2
shows the cyclic voltammogram for the nickel complex in
acetonitrile and 0.1 mol L' tetrabutylammonium hexa-
fluorphosphate performed by scanning the potential between
—2.0and —0.6 V vs. NHE at a scan rate of 100 mV s™'. As can be
seen, the complex shows two non-reversible cathodic waves at
—1.27 and —1.64 V. These redox potentials can be attributed to
the electron transfer processes Ni"Ni" — Ni"Ni/Ni"Ni' — Ni'Ni".
The non-reversibility of these processes is indicative of the
instability of the totally reduced form in solution.

Ni"Ni" complex immobilized on silica and catalytic reaction

As in the case of several other research studies, silica materials
were used as a supporting matrix because they present desirable
properties such as mechanical and thermal resistance, which
contribute to the efficiency of the immobilization. Also, the
surface of silica can be functionalized with various organic
moieties, by reaction of the silanol groups on the silica surface

50 -
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Ni'Ni"_=Ni"Ni'

30+
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Ni'Ni—Ni'Ni

204

: : — : :
06 -0.8 -1.0 -1.2 -1.4 -16 -1.8 20
ENV (vs. NHE)

Fig.2 Cyclic voltammogram of binuclear nickel complex in acetonitrile
and 0.1 M tetrabutylammonium hexafluorophosphate performed by
scanning the potential between —2.0 and —0.6 V vs. NHE, at a scan rate
of 100 mV s~

with chloro- and alkoxysilanes. Silica functionalized with
3-aminopropyl groups has diverse potential applications, such as
in the development of adsorbents for heavy metals in wastewater
treatment and supports for the immobilization of active transi-
tion metal ions or metallic complexes.’*?*#3 All of these char-
acteristics indicate that this is a very suitable material for use as
a support in the anchoring of the complex developed.

The immobilization of the [Ni;(HBPPAMFF)u-(OAc),-
(H,0)]BPh,4 complex on 3-aminopropyl-functionalized silica was
achieved through the reaction of aldehyde groups of the complex
with amine groups of the functionalized silica, forming a cova-
lent bond (Fig. 3). According to the characterization by IR, one
weak band at 1630 cm ™' (vC=N) confirms the formation of an
imine bond. The amount of Ni"Ni" complex in the product
obtained was approximately 37.2 uM of complex per g of silica.

Immobilization of metallic complexes by anchoring on the
surface of solid supports (e.g. chemically-modified silica) is an
area of great interest in current research on catalysts and elec-
troanalytical chemistry.'*2!-234% These materials can be applied
in several electrochemical reactions and have been successfully
employed in the development of chemical sensors for phenolic
compounds. Fig. 4-A shows the components used to fabricate the
sensor, and the Ni"Ni" complex catalyzes the oxidation of fisetin
to its respective o-quinone and, subsequently, the quinone
produced at the sensor surface is electrochemically reduced to
fisetin at a potential of approximately +0.25 V vs. Ag/AgCl
(as illustrated in Fig. 4-B).

The electrochemical behavior of fisetin using the bare CPE
and the sensor based on the Ni"Ni" complex was investigated by
cyclic voltammetry. In this study, cyclic voltammetry measure-
ments were obtained by sweeping the potential between +0.6
and 0.0 V vs. Ag/AgCl at a scan rate of 100 mV s~!. Fig. 4-B
shows the cyclic voltammograms obtained using the bare CPE
(a and b) and Nujol : Au-BMI.PF¢-sensor (¢ and d) in 0.1 M
acetate buffer solution (pH 5.0) and 0.5 mM standard solution
fisetin, respectively. As can be observed, the response to the
oxidation of fisetin to its corresponding o-quinone and the
electrochemical reduction back to fisetin using the proposed
sensor, due to the addition of the Ni"Ni" complex, was much
better than that of the bare CPE.

si/\/\‘mu, +

SN\NHQ \/@
OH-NI
/ Hal D H
OH

Si/\/\NH,

* INl

functionalized silica NI'Ni cqmplex

He S nw,

Si Si si

Fig. 3 Schematic representation of the immobilization of the Ni"Ni"
complex on the surface of 3-aminopropyl-functionalized silica.
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Fig. 4 (A) Schematic representation of the complex-catalyzed oxidation
of fisetin with its subsequent electrochemical reduction on the sensor
surface and components used for fabrication of the sensor. (B) Cyclic
voltammograms obtained using the bare CPE (a and b) and Nujol :
Au-BMI.PF¢-sensor (c and d) in 0.1 M acetate buffer solution (pH 5.0)
and 0.5 mM standard solution of fisetin, respectively, at 100 mV s™'.

Application of Ni"Ni" complex immobilized on silica and Au-
BMI.PFg in sensor construction and voltammetric behavior

Different sensors were constructed using the Ni"Ni" complex
immobilized on silica and BMI.PF ionic liquid containing gold
nanoparticles in order to verify the contribution of these mate-
rials to the analytical response. The electrochemical behavior of
fisetin using these sensors was investigated by square-wave vol-
tammetry in the potential range of +0.60 to —0.10 V vs. Ag/AgCl.
Fig. 5 shows the voltammograms obtained using the (a) bare
CPE, (b) Nujol-sensor (free complex), (c) Nujol-sensor, (d)
Nujol : BMI.PF¢-sensor, and (¢) Nujol : Au-BMI.PFg-sensor (c,
d, and e — immobilized complex) in 10.8 uM fisetin in 0.1 M
acetate buffer solution (pH 5.0); with pulse amplitude 100 mV,
frequency 60 Hz and scan increment 10.0 mV. As can be
observed, the Nujol-sensor (b) presented a response around three
times larger than the bare CPE (a), due to the redox nature of the
free Ni"Ni" complex present in the electrode. However, the
current for fisetin was approximately 40.2% higher in the pres-
ence of immobilized complex (c), showing that the efficient
anchoring improved the analytical response. The cathodic peak
current of the Nujol : BMI.PF¢-sensor (d) was increased in
relation to the Nujol-sensor, due to the presence of the IL with
a high ionic conductivity in the electrode. In addition, the
differentiated viscosity of the employed ionic liquid contributes
to the flow to the catalyst. This property (viscosity) is related to
the conductivity, which is extremely important in electrochemical
processes. The gold nanoparticles dispersed in ionic liquid
(Au-BMI.PFy) used in the sensor (e) contributed to significantly
improving the current, corresponding to around 71.9% of the
response of the sensor without nanoparticles (d). This was caused

0
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3 |
154 15]
éml:
| D
i |
254 oL I

T ¥ T x: T 2 T % T
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Fig. 5 Square-wave voltammograms obtained using the (a) bare CPE,
(b) Nujol-sensor (free complex), (c) Nujol-sensor, (d) Nujol : BMI.PF-
sensor, and (e) Nujol : Au-BMI.PFg-sensor (c, d, and e — immobilized
complex) in 10.8 uM fisetin in 0.1 M acetate buffer solution (pH 5.0);
pulse amplitude 100 mV, frequency 60 Hz and scan increment 10.0 mV.
Inset: cathodic peak current values for bare CPE and different sensors.

by the introduction of the metal nanoparticles,>***** which
facilitate the electron transfer and have catalytic properties,
improving the sensitivity of the selected sensor. Thus, the high
catalytic activity of the gold nanoparticles contributed to
enhancing the electrocatalytic activity of the nickel complex and
amplified the analytical signal of the fisetin.

Optimization of the sensor construction and operational
parameters

The effect of the Nujol : IL ratio (100 : 0; 75 : 25; 50 : 50; 25 : 75
and 0 : 100% (w/w)) was investigated and the sensor responses in
the fisetin determination by square-wave voltammetry were
compared (data not shown). As previously reported by our
group,?®-38:3%45 the addition of ILs (of up to 50%) to a CPE modifies
the microstructure of the paste, and the charge transfer resistance
decreases and the charge transfer rate increases, due to high
conductivity of the IL in comparison with other binders. Hence,
the Nujol : BMI.PF¢ (or Nujol : Au- BMI.PFg) ratio of 50 : 50%
(w/w) was used for subsequent sensor construction and square-
wave voltammetry analysis for the determination of fisetin.

In addition, the effect of the Ni"Ni" complex, immobilized in
silica in percentages of 1 to 20% (w/w), on the modified carbon
paste electrode containing gold nanoparticles dispersed in IL
(Au-BMI.PFy) was also investigated. The cathodic peak current
increased with increases in the complex composition up to 5.0%
(w/w). Therefore, this complex concentration was selected for
subsequent studies and a composition of 60 :17.5:17.5: 5%
(w/wlwlw)  graphite  powder : Nujol : Au-BMI.PF¢ : Ni"Ni"
complex, respectively, was used in the construction of the
proposed sensor.

After the optimization of the sensor construction, the opera-
tional parameters were evaluated, in triplicate, to obtain the best
performance of this electrode. Initially, the effects of the different
supporting electrolytes (and pH), including borate buffer
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solution (pH 9.0-10.0), tris buffer solution (pH 7.0-9.0), phos-
phate buffer solution (pH 6.0-8.0) and acetate buffer solution
(pH 4.0-5.5), in all of the solutions in a concentration of 0.1 M,
were investigated by square-wave voltammetry. The best elec-
troanalytical responses for fisetin were obtained in acetate buffer
solution at pH 5.0.

Subsequently, the parameters of square-wave voltammetry
were optimized for the best performance of the sensor under the
same conditions cited above. Frequency (10-100 Hz), pulse
amplitude (10-100 mV) and scan increment (1.0-12.0 mV) were
investigated for determination of fisetin. Briefly, the optimized
parameters can be summarized as follows: frequency 60 Hz;
amplitude 100 mV and scan increment 10.0 mV. Table 1
summarizes the range over which each variable was investigated
and the optimal value found. The best experimental conditions
were selected for subsequent experiments.

Interference study

The presence of other electroactive compounds is expected to
affect considerably the analytical signal. Therefore, several
substances that may be present in apple juice were selected for this
interference study: rutin, caffeic acid, chlorogenic acid, catechin,
quercetin, malic acid, fumaric acid, citric acid, oxalic acid, ben-
zoic acid and ascorbic acid. To evaluate the interference in the
analytical response of the proposed sensor, the influence of these
possible interferents in the determination of fisetin in apple juice
was investigated in detail using solutions containing 10.0 uM of
fisetin and adding various concentrations of an interfering
substance. The ratios of the concentration of fisetin to that of each
substance were fixed at 1:1, 1:5 and 1 :10. The interference
study was performed in triplicate, and the results obtained are
listed in Table 2. The criterion for the tolerated concentration of
each interfering substance was a relative change in the analytical
signal corresponding only to the standard solution of fisetin and
the signal of the fisetin solution comprising less than + 5% of the
coexisting interfering substances. None of the substances studied
interfered significantly with the proposed sensor, that is, this
electrode was able to determine the amount of fisetin in the
presence of the potential interferents with good selectivity.

Repeatability, reproducibility and stability of the sensor

The repeatability of the reduction current (analytical response)
obtained using the same sensor was examined in acetate buffer

Table 1 Optimization of the experimental parameters for the sensor

Parameter Range studied Optimal value
Nujol : Au-BMI.PFq 100 : 0-0 : 100 50:50
(%, wiw)
Ni"Ni" complex 1-20 5
immobilized
on silica (%, w/w)
Electrolyte support/pH Borate buffer/9.0-10.0 Acetate
Tris buffer/7.0-9.0 buffer/5.0
Phosphate buffer/6.0-8.0
Acetate buffer/4.0-5.5
Frequency/Hz 10-100 60
Pulse amplitude/mV 10-100 100
Scan increment/mV 1-12 10

Table 2 Possible interferences tested with proposed sensor

Relative change on

Interfering Tolerated the analytical signal
substance concentration/uM of fisetin® (%)
Rutin 100 229+0.3
Caffeic acid 100 338 +£0.1
Chlorogenic acid 100 2.80 £0.2
Catechin 50 4.05 £ 0.1
Quercetin 50 372 +0.2
Malic acid 100 NI

Fumaric acid 100 NI

Citric acid 100 0.45+ 0.1
Oxalic acid 100 NI?

Benzoic acid 100 NI®

Ascorbic acid 100 1.27 + 0.1

“n = 3. % NI = no interfering substance.

solution (0.1 M, pH 5.0) containing 10.8 uM fisetin. The relative
standard deviation (R.S.D.) was 2.9% for ten successive
measurements. The biosensor-to-biosensor reproducibility was
also investigated considering five sensors prepared indepen-
dently. A good reproducibility was obtained, with relative stan-
dard deviations of 5.1% for the proposed sensor.

The stability and lifetime of the sensor are important param-
eters in analytical determinations. Thus, these parameters were
investigated for the proposed sensor stored at room temperature
with measurements taken every 1-5 days, over a 150-day period
(at least 500 determinations for each quantity of carbon paste
used in the syringe). This electrode showed an excellent opera-
tional stability, obtaining a response of over 86% for 150 days,
confirming the good stability of the Ni"Ni" complex immobilized
on functionalized silica.

Analytical performance of biosensor

Fig. 6 shows the square wave voltammograms and the inset the
analytical curve for fisetin obtained employing the proposed
sensor under the optimized operational parameters. As can be
seen, the cathodic peak current at approximately +0.25 V vs. Ag/
AgCl increased with increasing fisetin concentration. The
analytical curve showed two linear ranges and the corresponding
regression equations are indicated:

(D 0.28 to 1.39 uM (-AI = 0.36(=£0.11) + 6.42(£0.12) [fisetin];
R? = 0.9995)

D 2.77 to 19.50 pM (-AI = 7.83(£0.18) + 1.191(£0.01)
[fisetin]; R? = 0.9997)
where Al is the cathodic current peak (nA) and [fisetin] is the
fisetin concentration (uM). The fact that the sensor presents two
different linear ranges may be related to the saturation of the
metallic center of the available complex on the surface of
the electrode, with greater accessibility of the fisetin molecules to
the catalyst at lower concentrations, while at higher concentra-
tions there is a sensitivity decrease due to a probable impediment
to the access of the larger number of molecules. This behavior
was reproduced from sensor to sensor. Similar behavior has been
described in the literature for other modified carbon paste elec-
trodes (containing metallic catalysts or enzymes) for the deter-
mination phenolic compounds.***” The detection limit (three
times the signal blank/slope) of these data was 0.052 uM. The
sensitivity of this sensor is greater than that of other sensors
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Fig.6 Square wave voltammograms obtained using the proposed sensor
for (a) blank in acetate buffer solution (0.1 M; pH 5.0) and fisetin solu-
tions at the following concentrations: (b) 0.28; (c) 0.56; (d) 0.84; (e) 1.11;
(f) 1.39; (g) 2.77; (h) 5.49; (i) 8.16; (j) 10.80; (k) 14.60 and (1) 19.50 pM at
frequency 60 Hz, pulse amplitude 100 mV and scan increment 10.0 mV.
Inset: analytical curve of fisetin.

constructed with nickel complexes, for the determination of
phenolic compounds, described in the literature.’>'®'® The
satisfactory analytical performance of the proposed sensor can
be attributed to the chemical stability and catalytic properties of
the complex immobilized on silica, the high conductivity of the
ionic liquid and the fact that the metal nanoparticles facilitate the
electron transfer. This intrinsic catalytic contribution of each one
of these materials contributes to significantly to improving the
sensitivity.

Recovery study and analytical application

A recovery study and fisetin determination was performed by the
standard addition method, in triplicate, using three commercial
apple juice samples (A, B and C). Recovery measurements were
obtained by adding different standard concentrations (8.0 to
32.0 pg 100 mL™") of fisetin to three juice samples. The
percentage recovery values were calculated by comparing the
concentrations detected in samples with and without the addition
of known concentrations of the fisetin standard solution. The
recoveries of 96.4 to 106.4% obtained for these samples demon-
strate the satisfactory accuracy of the proposed sensor (Table 3).
It can be clearly observed that the recovery results obtained
indicate an absence of matrix effects in these determinations. In
addition, to verify the efficiency of the developed sensor, these
apple juice samples were used in the fisetin quantification. The
fisetin contents determined in the samples A, B and C were 53.0,
151.0 and 41.0 pg 100 mL~", respectively (as shown in Table 3).

Conclusions

In this study, gold nanoparticles dispersed in an ionic liquid
(Au-BMI.PFy) and a binuclear nickel(i1) complex immobilized
on functionalized silica were successfully used in the construction
of a novel sensor for the determination of fisetin in apple juice by

Table 3 Study of recovery and quantification of fisetin in apple juice
using the proposed sensor

Fisetin/pg 100 mL~!

Sample” Added standard Recovery” Quantified”
A 8.0 99.3 53.0+£0.1
16.0 104.8
24.0 103.5
32.0 96.4
B 8.0 104.3 151.0 £ 0.5
16.0 106.4
24.0 99.6
32.0 97.3
C 8.0 97.9 41.0 + 0.1
16.0 99.5
24.0 100.5

“ A and B = commercial apple juice; C = fortified commercial apple juice.
b Recovery = (found value mean/added value) x 100%. ¢ Mean +
standard deviation; n = 3.

square-wave voltammetry. This sensor exhibited high sensitivity,
suitable selectivity, and good reproducibility and stability. The
efficient analytical performance of the proposed sensor can be
attributed to the effective immobilization of the Ni"Ni" complex
on silica and the high conductivity of the IL combined with the
electron transfer facilitated by the metal nanoparticles. Addi-
tionally, the sensor was shown to be accurate, reliable, and quick
to prepare through a low cost procedure, representing a satis-
factory analytical method for the determination of fisetin in
apple juice.
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