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9.0 pM by square wave voltammetry (SWV).

quercetin.

Abstract: In this study, a-FexOs and tetraethyl orthosilicate (TEOS) coated Fe>Os (TEOS@Fe;03) was
synthesized by the sol-gel method. The morphological properties and electrochemical detection of
quercetin antioxidant with Fe;Os and TEOS@Fe>03 hanomaterials were evaluated. TEOS@Fe>03 material
was modified on a glassy carbon electrode (GCE) for the detection of quercetin with a linear range of 1.0-
TEOS@Fe203/GCE sensor ca 1.6 and 2.5 times more
sensitive than Fe>03/GCE and GCE. The quantification (LOQ) and detection (LOD) limits were found to be
306 and 92 nM for quercetin antioxidant on the TEOS@Fe>0O3 modified electrode. Quercetin was also
determined in an apple tea sample with a standard addition method, and the recovery of quercetin was
obtained to be 104.16% and 106.04%. The results obtained from this study show that the TEOS@Fe>03
modified electrode examined as a voltammetric sensor was found to be sensitive and straightforward to
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INTRODUCTION

Magnetite nanoparticles have attracted attention
due to potential application in humerous biomedical
applications and special physicochemical features,
such as contrast agents in magnetic resonance
imaging, carriers for targeted drug delivery, the
magnetic separation in microbiology, biochemical
sensing (1-3). Iron oxides nanoparticles have found
extensive interest recently, and these materials
often show unique magnetic, physical, catalytic, and
optical features (4-6). These non-toxic and cheap
nanomaterials are potential applications in high
technology and used for enhanced the properties of
storage media (7), in drug delivery, biosensors (8),
and catalysts (9). The size and magnetic anisotropy
of the particles are related to magnetization values
of iron oxide nanostructures (10). Fe20s3
nanoparticles are exceptionally eco-friendly, rich in
magnetite nanoparticles, economical, and highly
resistant to corrosion, and they were also found to

be stable at room temperature (11). Therefore,
Fe>O3 nanoparticles are applied to catalysts and a
variety of soft and hard magnetic materials, and
they have good biocompatibility (12, 13).

Recent studies have been shown that there is
increasing interest in preventing diseases such as
obesity, cardiovascular, inflammatory processes,
cancer, and neurodegenerative disorders (14).
These disorders can accelerate as people grow
older, and their effects may be decreased by the
intake of vegetables and fruits (15, 16). A diet
containing Vitamin A and polyphenolic compounds,
consideration of active nutrients in the prevention of
disease because of oxidative stress, may decrease
the effect (17). Moreover, the determination of
antioxidants has increased to significant importance
to protect from these disorders (18, 19). Flavonoids
are naturally found in fresh vegetables and fruits,
and they generally used as a component of health
products and food additives (20). They show anti-
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inflammatory and antioxidant properties concerning
radical scavenging features of the compounds.
Quercetin is a member of the flavonoid family,
found in apples, onions, sweet pepper, grapes,
celery, and honeysuckle. The antioxidant properties
of quercetin have been extensively explored in the
past studies (21, 22) due to other biological
advantages such as anti-tumor, anti-viral, anti-
allergic activities, reducing blood lipids and blood
pressure (16, 23, 24). For this reason, developing
sensitive, fast and straightforward determination
methods of quercetin is vitally important.

Quercetin  determination was carried out by
traditional methods such as ultra-performance liquid
chromatography (25), spectrofluorimetry (26, 27),
and mass spectrometry (28), which are highly
selective and sensitive. However, they are time-
consuming, expensive, and complicated sample
preparation. Voltammetric techniques are potentially
applied for the determination of quercetin because
of the electrochemical activity to overcome these
difficulties (29). Therefore, Fe;O3 was coated TEOS
to obtain TEOS@Fe203, which is a spherical material
for the determination of quercetin via the
electrochemical method for the first time. Due to
higher surface area, well-designed material shape,
and electroactive metal content, TEOS@Fe,03 was
tested in quercetin determination via signal
amplification.

Herein, a magnetic nanoparticle of TEOS@Fe203 has
been synthesized and successfully immobilized onto
a GCE using an electrochemical sensor. The
electrode showed impressive electrocatalytic action
for the oxidation of quercetin, which is characterized
by the enhancement of the highest current in both
cyclic and square wave voltammetry techniques.
After optimization, the electrode was used for
quantification of quercetin in apple tea sample
extracts. Experiments indicated that the
TEOS@Fe203 based sensor was shown excellent
electrocatalytic activity to quercetin.

EXPERIMENTAL

Materials and Characterization Techniques
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Fe(NO3)3.9H.O (98%), citric acid (98%) and
quercetin (99%) were supplied from Sigma Aldrich,
and stock solution of quercetin (concentration of 1
mM) was prepared daily. 0.1 M Britton-Robinson
(BR) buffer solution, which was used as an
electrolyte and prepared by boric, orthophosphoric,
and acetic acids in pure water and kept at 4.0 °C.
pH value of buffer solutions was adjusted by 5 M
NaOH with a pH meter (Mettler Toledo,
Switzerland). Voltammetric studies were carried by
an electrochemical analyzer system of CH
Instruments (CHI440B model, USA) at 25 °C. A
three-electrode cell consisting of a counter,
reference, and working electrodes are platinum
wire, Ag/AgCl, and TEOS@Fe»03/GCE, respectively.

Surface morphological properties of Fe>Os and
TEOS@Fe203 materials were performed by scanning
(SEM) and transmission electron microscopic
methods (TEM). The morphology of the synthesized
hybrids was studied using an FEI (PHILIPS) XL30
SFEG scanning electron microscope. TEM images
were obtained using an FEI TALOS F200S TEM
instrument (accelerating voltage of 200 kV).

Preparation of Fe>03 and TEOS@Fe203

Hematite (a-Fe203) nanoparticles were prepared
according to a simple method given in the literature
with a slight modification (30, 31). Briefly, 10 mmol
Fe(NO3)3.9H.0 and 12.5 mmol citric acid was
dissolved in 60 mL of pure water and mixed
ultrasonically for about 20 minutes. Then, 10 mL of
ethanol was added, and the pH was adjusted to 5
with ammonia. The solution was taken into a beaker
and boiled until obtaining a gel. It was transferred
into an oven at 95 °C for drying. The dried gel was
purged with pure N2 gas for 30 minutes and placed
to a tube furnace annealed to 400 °C for 3 hours.
The final product was 1.5 g of a-Fe;0s3. The
prepared a-Fe;Os particles were coated with silica
using a sol-gel method (32). In a typical procedure,
100 mg of Fe>Os was dispersed in absolute ethanol
solution by ultrasonic bath, and 750 pL of NH4+OH
and 400 pL of TEOS have added the suspension
(Scheme 1, inset). The morphological analysis of
samples was characterized by SEM and TEM.

526



SENOCAK A. JOTCSA. 2020; 7(2): 525- 534.

RESEARCH ARTICLE

GCE

TEOS@Fe,0,/GCE

Scheme 1. Schematic representation of the synthesis of TEOS@Fe>03 material and fabrication of the
sensor.

Preparation of the TEOS@Fe203 modified GCE
Scheme 1 depicts the fabrication procedure of the
sensor based on the investigated TEOS@Fe;03. The
mirror-like clean surface of GCE was obtained with
different size alumina powders ranging between 1.0
to 0.05 um. Then GCE was cleaned after each
polishing with ultra-pure water and ultrasonicated in
acetone, HNOs solution (1:1, v/v), and double-
distilled water, respectively. The cleaned GCE was
then dried at room temperature until use. The
TEOS@Fe>03 modified GCE was obtained by drop-
casting method. 2 mg of TEOS@Fe03 was placed
into 1.0 mL ultra-pure water and stirred in an
ultrasonic bath for 15 min to obtain well-dispersed 2
mg/mL suspension. An amount of 10 pL brownish-
red suspension was transferred onto the cleaned
surface of the electrode and dried at 40 °C. The
obtained sensor electrode was taken as
TEOS@Fe203/GCE.

Real samples assay procedure

Apple tea sample was purchased from a local
market and weighed as 0.5 g and dissolved in
ethanol (10.0 mL). The sample solution was well
dispersed by an ultrasonic bath for 20 min. The
supernatant of the dispersion was separated by
centrifugation for 4 min at 3000 rpm. The sample
solution was used to determination of quercetin
without any further treatment. Electrochemical
determination of quercetin was performed in the
solution by the SWV technique from 0.0 to 1.0 V. All
real sample detection measurements were applied
three times at room temperature, and average
values were taken to calculate the amount of
quercetin antioxidants.

RESULTS AND DISCUSSION

Morphological Characterization of Fe>0s and
TEOS@Fe203

Morphological characterization of Fe;03 and
TEOS@Fe203 were investigated by scanning SEM
TEM (Figure 2). Figure 2a demonstrates a typical
SEM image of the a-Fe;Os samples. As seen in this
figure, pores structure can be monitored with an
average size of 50-60 nm. SEM images also clearly
showed the nanostructural homogeneities and
remarkably unique neck-structured morphology,
which could be the advantage of the penetration of
antioxidant molecules. Figure 1b depicts the SEM
image of TEOS@Fe»03 particles. A large number of
iron particles are monitored on the Si substrate with
diameters in the range of 250-400 nm. Figure 2c
and 2d show TEM images of the a-Fe;O3 and
TEOS@Fe>03 particles. Although Fe>03 nanoparticles
can be obtained as the shaping of many rough
surfaces and different sizes, TEOS@Fe;03 particles
have almost uniform shapes. The spherical
TEOS@Fe203 particle sizes were also confirmed by
TEM. Besides, elemental analysis of the spherical
structures, EDX analysis (installed in SEM) was
carried out. The EDX analysis of the a-Fez0s3
particles represents the atomic percentage (%) of
the O, Fe is 2:1, and the percentage of Fe, O, and Si
in TEOS@Fe203 are 2:5:3.

Electrochemical Sensor Examination Tests of
TEOS@Fe>03 Material to Quercetin

The cleaned GCE was coated by 10 uL drop of the
TEOS@Fe>03 suspension (2 mg/mL) in ultra-pure
water to provide the TEOS@Fe;03/GCE sensor. The
electrochemical sensor properties of
TEOS@Fe>03/GCE towards 6 upM quercetin were
investigated by SWV methods with bare GCE, Fe»0s/
GCE in a BR buffer solution (pH = 2) comparatively.
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TEOS@Fe203/GCE sensor ca 2.5 and 1.6 times more  sensitive than
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Figure 1. a) SWV response to 6 uM quercetin (pH=2) TEOS@Fe203/GCE in comparison with bare GCE and

Fe>03/GCE, b) their column graph.
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Figure 2. a) and b) SEM images, c) and d) TEM of images of Fe;03 and TEOS@Fe.03
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The investigation of pH impact on voltammetric
sensor features was also evaluated in BR buffer
solution, and adjustments of pH were performed by
NaOH solution (5.0 M). Figure 3a depicts the SWV
responses of quercetin in the BR solutions with
different pH values (2-7). The optimal pH value is
found to be 2 because of better and higher peak
current. When the acidic pH value comes out, the
interaction between -OH functional groups in
quercetin and electron-deficient boron atoms of in
the BR are increased (33). Thus, it can be said that

the reaction between the quercetin and the
TEOS@Fe20s3 is a pH-dependent reaction.
Moreover, higher hydrophobic interaction and

hydrogen bond formation occurs between spherical
TEOS@Fe>03 nanomaterial. Also, mass transfer of
quercetin via diffusion happened very hard because
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Figure 3. a) SWV responses at different pH values in the range of 2-7 and b) changes in pH
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the at basic and neutral pH can limit the surface of
the electrode and causes a decrease of the peak
current. Due to the inhibition of quercetin
antioxidant transfer by the absorption with OH
functional groups, peak current values decreased
suddenly. Quercetin’s oxidation peak currents are
almost invisible at high pH, along with a decrease of
interaction between the buffer solution and OH of
the quercetin (34). Therefore, the relationship
between peak current and pH values (range of 2 to
7) was shown in Figure 3b, which demonstrates a
linear decrease with a slope of 60.80 mV/pH. This
value is very close to 59 mV/pH (Nernstian
behavior) (29, 35). This voltammetric response has
the same numbers of proton and electron (y=-
0.0608x+0.5896, R2 = 0.9961) and in harmony
with the electro-oxidation mechanism of quercetin
(29).
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Not only electrokinetic behavior, both also analytical
features performed by SWV and CV techniques.
Figure 4a demonstrates the SWV responses
obtaining by different concentrations of quercetin on
the TEOS@Fe>03/GCE at the supporting electrolyte

as a pH 2.0 BR buffer solution. As seen, this figure
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with a concentration of quercetin ranging from 1.0
to 9.0 pM was linearly increasing of peak current
(Figure 4b). The LOQ and LOD of quercetin
antioxidant were calculated as 306 and 92 nM (y
=0.4632x-0.0391, R2 = 0.9956) respectively.
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Figure 4. a) SWV responses at increasing concentrations of quercetin on the TEOS@Fe>03 modified GCE

and b) calibration graph

s corresponding to (a).
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CV measurements were carried out to determine the
impact on the redox reaction mechanism of
quercetin by the scan for gaining further information
about the relationship between the scan rate and
peak current. Figure 5a demonstrates the
electrochemical measurements containing 6 pM
quercetin, which was performed at the several scan
rates (in the ranging from 25 to 500 mV/s) in the
buffer (pH=2.0). As seen in Figure 5b, the peak
current was increased linearly with an increase of

RESEARCH ARTICLE

the scan rate (R? values were found to be 0.9979
and 0.9989 for oxidation and reduction). This linear
correlation was pointed out that the electro-
oxidation process of quercetin is controlled by
adsorption in agreement with the previous works
(36). Also, the quercetin has reversible electrode
processes because it exhibited two peaks, which are
an anodic peak at 490 mV and a cathodic peak at
430 mV.
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Figure 5. a) CV responses of 6 UM quercetin at various scan rates, b) Plot of Ipa and Ipc and c) CV of
TEOS@Fe203 /GCE in a solution containing K3[Fe(CN)s] and KCI at different scan rates in the ranging from
25 to 500 mV/s.

CV at different scan rates was performed to
estimate the specific surface area of TEOS@Fe203
modified GCE in a solution containing Ks[Fe(CN)s]
and KCI by Randles-Sevcik equation (Figure 5c). The
concentrations of KCl and Ks[Fe(CN)e] were 0.1 M
and 5.0 mM. where A, Do, and Co are the specific
surface area (cm?2) of the TEOS@Fe;0s modified
GCE, the concentration of Ks[Fe(CN)s] (5.0 mM) and
diffusion coefficient (7.6x10°¢ cm?/s). The activated
surface area of TEOS@Fe>03-GCE was estimated as
0.103 cm? from the Randles-Sevcik equation by
calculating the slope of Ip vs u'/? plot. This surface
area was more remarkable than the unmodified GCE
(0.071 cm?).
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Repeatability, Stability, Selectivity, and
Comparison Of TEOS@Fe>03/GCE Sensor

Anions and cations such as S04%, NOs, K*, Nat,
Mg?*, Ca?%*, Fe3*, Ni?* were examined to show the
selectivity of the TEOS@Fe»03 modified GCE sensor
at 25 °C. Selectivity experiments were carried out by
SWV method using 10 mM of anions and metal ions
stock solutions in ultra-pure water. Besides, another
interfering study was done in the presence of
adenine purine base and ascorbic acid, and glucose
solutions at concentration of 1 mM in water. Anions,
metal ions and other interfering molecules had no
significant effect (< 4%) on the electrochemical
response on 6 UM quercetin (Figure 6 a and b).
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Figure 6. a) DPV curves in the presence of anions, cations, and bioanalytes and b) their column graph.
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SWV technique was performed in the stability
experiment of the sensor every weekday for the
determination of quercetin. The electrochemical
responses measured in a pH of 2 on TEOS@Fe,03
modified GCE at 25 °C, which did not demonstrate
any significant changes in comparison with the
beginning response. RSD (Relative Standard
Deviation) of the peak current values was found to

RESEARCH ARTICLE

be 4.1%. Moreover, the repeatability test was done
by 7 successive SWV of 6.0 uM quercetin on
TEOS@Fe;03/GCE, and the RSD was calculated to
be 3.5%. It can be concluded that the results from
these measurements TEOS@Fe.03/GCE sensor
showed high repeatability and stability for the
determination of quercetin.

Table 1. Comparison of present electrochemical sensors with other reported methods for the determination
of quercetin in various samples.

Methods Working Electrode LOD (nM) Sample References
SwWv TEOS@Fe203/GCE Apple Tea This work
SWv Co nanoparticle/GCE 100 Tablet and urine (37)
SWV NiO-CNT/CPE Onion, apple and (38)
capsule

DPV MIP-GO/GCE Apple juice (39)
Carbon@Fe -

DPV nanoparticle/GCE. 150 Human urine (40)

MIP-GO: Molecularly imprinted polymer incorporated graphene oxide, CNT: Carbon nanotube, CPE: Carbon

paste electrode.

TEOS@Fe>03/GCE sensor system was compared
with the other techniques data on the determination
of quercetin given in Table 1. The obtained
outcomes in this study demonstrated that TEOS
coated FeOs3 sensor system had excellent properties
for the selective and sensitive determination of
guercetin. The suggested TEOS@Fe.03/GCE had
some benefits in terms of LOD and linear range. In
most quercetin determination studies, electrode
modifications were done by carbon nanotube,
graphene oxide, and metal nanoparticles. As known,
carbon nanotubes have high toxicity, and graphene
is expensive and challenging to synthesize. This
sensor system has more sensitivity with a high
surface area, but their stabilities are very low.

Moreover, some other metal nanoparticles
containing studies were available in the literature
among them. The TEOS@Fe>03/GCE was suggested
in this study. TEOS@Fe;O3 modified GCE
demonstrated very high stability to evaluate
quercetin in the apple tea sample. Moreover, the
TEOS@Fe203 modified GCE was easy to prepare,

cheaper, and fast electron transfer between
quercetin and its surface compared to the
electrodes.

Sample Analysis

The applicability of the TEOS@Fe>O3 modified GCE
sensor in a commercially available apple tea sample
was performed via standard addition method, as
reported in (41). Tea sample was weighted as 0.5 g
and thrown in a 10 mL ethanol. For better
dissolution, the suspension was kept in an ultrasonic
bath for an hour and centrifuged with 3000 rpm

speed. Then the supernatant of the sample
suspension was separated from the suspension, and
the solution was used to determine quercetin
without any treatment by SWV technique from 0.0
to 1.0 V. 100 pL of the apple tea sample solution
was added in a voltammetric cell to determine the
amount of quercetin, and 1.0 pM of quercetin was
added to the cell. The addition process of quercetin
was repeated two times to 100 pL sample
containing BR buffer solution. Average data and
RSD (<5%) were estimated through successive
measurements (Table 2). Moreover, the recovery of
the measurements on the detection of quercetin
was calculated as 104.16% and 106.04%. According
to the real sample measurements, the suggested
the TEOS@Fe>03 modified GCE is fast, accurate, and
efficient for the determination of quercetin.

CONCLUSION

In this study, TEOS-coated Fe203 to obtain
spherical nanomaterials. A voltammetric
determination of low concentrations of quercetin
was performed using TEOS@Fe203 material
modified GCE. The selectivity of TEOS@Fe203
modified GCE sensor to quercetin was examined in
the presence of different anions, cations, and bio-
analytes at the optimum operating conditions. The
suggested protocol shows the successful application
of TEOS@Fe203 modified GCE for the determination
of quercetin in real samples with excellent
selectivity and sensitivity due to its high synergistic
effect of metal nanoparticles and TEOS. Also,
reproducibility and stability of the sensor are
excellent.
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Table 2. Examples of quercetin detection by SWV on TEOS@Fe»03 modified GCE in apple tea sample.

Addition (pM) Measured (pM)

Recovery (%)

RSD (%, n=3)

0.00 1.18+0.04 - -
1.00 2.22+0.04 104.16 4.19
2.00 3.30+0.05 106.04 4.07
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