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Abstract

In the present work, a novel sensor developed for the quantification of quercetin

(QRC) is being reported. Due to synergistic effects of Aloe vera and titanium oxide,

voltammetric performance of the developed sensor (ALV-TiO2/glassy carbon electrode)

was greatly enhanced. The fabricated sensor was characterized by scanning electron

microscopy, X-ray diffraction, energy dispersive X-ray, and electrochemical impedance

spectroscopy. The sensor was applied to study electrochemical behavior of QRC using

square wave voltammetry. Under optimal condition, the developed sensor exhibited a

linear response in the range of 3.3 × 10−7 to 2.31 × 10−6
µM with a detection limit of

0.8 nM. The analytical utility of the proposed sensor was justified by applying it for the

analysis of QRC in real samples.
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1 INTRODUCTION

Quercetin (QRC), flavonoid, is abundantly found in fruits, vegetables, and other herbs. Over 130 preparations of drug have been registered world-

wide, different types of flavonoids.1-2 Apart from antioxidant activity, flavonoids may also show pro-oxidant activity under specific conditions.

Many studies have shown that QRC may play a vital role in cancer prevention and in cardiovascular status improvement, and it also has real ben-

efits in inflammatory and respiratory diseases.3-7 Determination of QRCwith high sensitivity is of vital importance from the therapeutics’ point of

view.8 Onions ranked highest in QRC content in a study of 28 vegetables and nine fruits. The amount of QRC in onions varies depending on bulb

color and type, being distributedmostly in the outer skins and rings.9-10 Several techniques, namely, high-performance liquid chromatography11-14

spectrophotometry,15-16 gas chromatography with mass spectrometry,17-18 and capillary electrophoresis, have been applied for the quantification

of QRC.19 But these techniques suffer from demerits such as requirement of complex and time-consuming pretreatments and expensive experi-

mental equipment. Compared with these methods, electrochemical techniques have advantages of high sensitivity, accuracy, simplicity, low costs,

and the possibility of miniaturization. Therefore, simpler electrochemical approaches have been developed for QRC determination in a wide range

of matrices.20-26

In recent years, metal nanoparticles have been the focus of current research in designing and constructing of chemo/biosensors due to their

large surface to volume ratio, strong adsorption ability, good electrical properties, high surface reaction activity, small particle size, and good

surface properties.27-29 Titanium oxide has widely been used by researchers for the fabrication of voltammetric sensors for determination of

different analyte.30-37Aloe vera is a perennial plant of the lily (Liliaceae) or Aloeaceae family. Aloe vera contains calcium, chromium, copper, selenium,

magnesium, manganese, potassium, sodium, zinc, niobium, and so forth.
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medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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In thepresentwork, a novel sensorbasedonAloe vera-titaniumoxidenanocomposite hasbeendeveloped for quantificationofQRC.To thebest of

our knowledge, this is the first sensor for the analysis of QRC. The developed sensor was also applied for the determination of QRC in real samples.

2 EXPERIMENTAL SECTION

2.1 Chemicals and reagent

QRC standard was procured from TCI Chemicals and used as received. AR (Analytical Reagent) grade KCl as supporting electrolyte and ethanol

as solvent were used in the study. NaOH, boric acid, acetic acid, and phosphoric acid were used for the preparation of BR buffer in the present

investigation. Chemicals used were of AR grade and usedwithout any further purification. Milli Qwater was used throughout the study.

2.2 Apparatus andmeasurements

Electrochemical measurements were performed using a 𝜇 AUTOLAB TYPE III (Eco-Chemie B.V., Utrecht, The Netherlands) potentiostat-

galvanostat with 757 VA computrace software. Aloe vera-titanium oxide/glassy carbon electrode (GCE) as the working electrode, Ag/AgCl as ref-

erence electrode, and platinum wire as auxiliary electrode were used. Prior to analysis, all the solutions examined by electrochemical techniques

were purged for 10min with purified nitrogen gas.

2.3 Preparation ofAloe vera-titanium oxide nanocomposite

To obtain Aloe vera-titanium oxide nanocomposite, 1.0 g of anatase titanium oxide nanopowder was suspended in 10 mL water. This solution was

well stirred on a hot plate at 45◦C for 20min followed by addition of 2.0 g of Aloe vera extract gel and further stirred for 15-20min. After obtaining

a uniformmixture, it was kept at 70◦C for drying in hot air oven for 3-4 h to obtain the nanocomposite.

2.4 Fabrication of ALV-TiO2/GC sensor

Prior to electrodemodification, the GCE surfacewas polishedwith alumina powder of different particle size onmicrocloth pads followed by rinsing

thoroughlywithMilli Qwater until amirror like finishwas obtained. Then, theGCEwas sonicated in ethanol and distilledwater for 5min to remove

adsorbed alumina particles on the electrode surface. Aloe vera-titanium oxidewas dispersed in DMF (Dimethyl Formamide) and sonicated for 2 h to

get a suspension of 1 mg/mL. In total, 4 µL of the above suspension was casted by microsyringe onto the surface of freshly polished GCE and dried

at room temperature for 30-40 min to obtain the ALV-TiO2/GC sensor. After each modification, sensor was regenerated by polishing with alumina

and thoroughly washing the electrodewithMilli Qwater.

3 RESULT AND DISCUSSION

3.1 Characterization of the developed sensor

3.1.1 Effective surface area

The effective surface area of GCE, TiO2/GC, and ALV-TiO2/GC sensors was calculated using Randles Savcik equation. The study was carried out

using 1.0mMpotassium ferricyanide prepared in 0.1M potassium chloride (KCl) solution (Figure 1). According to Randles-Savcik equation,

I = (2.69 × 105) A ⋅ C ⋅ D1∕2n3∕2𝜇1∕2, (1)

where I represents the peak current, A represents the effective surface area of the electrode, C represents the concentration of potassium ferro-

cyanide solution inmole/cm3,D represents the diffusion coefficient in cm2/s (and its value is 7.6 × 10−6), and 𝜇 represents scan rate in V/s.

By substituting the values in the above equation, the electroactive surface area of various sensorswas calculated. The obtained effective surface

area for Aloe vera-titanium oxide/GCE was found to be 0.063, for titanium oxide-GCE, and 0.044 for bare GCE 0.032cm2. A higher surface area
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F IGURE 1 Cyclic voltammograms of 1.0mMK3Fe(CN)6 at bare glassy carbon electrode (GCE) (a), TiO2-GCE (b), and ALV-TiO2/GCE (c)

of ALV-TiO2/GC sensor indicates the superiority of the modified electrode for the oxidation of QRC. The surface area observed for ALV-TiO2/GC

nanocomposite sensor was found to be larger than TiO2/GC and bare GCE (0.035 cm2) suggesting an enhanced voltammetric performance toward

theoxidationofQRC. It canbe further evident fromFigure1 indicating the voltammograms recorded at the scan rate of 100mV/s for every sensor in

which themodified sensor electrode, that is, ALV-TiO2/GC, demonstrated the highest peak current as compared to TiO2/GC and bare GCE. Hence,

the improved electroactive behavior of ALV-TiO2 nanocomposite sensor was believed to raise the electrocatalytic oxidation of QRC.

3.1.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopywas employed as experimental method to characterize the electron transfer properties of bare andmod-

ified electrodes. Nyquist plots of bare GCE and ALV-TiO2/GCE were recorded in the presence of 3.0 mM KM3[Fe(CN)6] solution in 0.1 M KCl.

Nyquist plot of impedance spectra exhibits semicircle portion at higher frequencies, which corresponds to electron transfer limited process, and

linear portion at lower frequencies corresponds to diffusion process. Obtained results clearly demonstrate that lower charge transfer ratio for

ALV-TiO2/GCE is responsible for its excellent electrical conductivity, which can be attributed to availability of large surface area for electrode reac-

tion (Figure 2). By fitting the data using appropriate equivalent circuit, values of Rct (Charge transfer resistance) were found to be 34.8 kΩ (for bare

GCE), 9.87 kΩ (for TiO2/GCE), and 5.10 kΩ (for ALV-TiO2/GCE).

3.1.3 X-ray diffraction study

X-ray diffraction (XRD) analysis of TiO2 (Figure 3A) shows typical peaks at 2𝜃 equal to 27.34◦, 39.64◦, 50.1◦, 58.12◦, 70.58◦, 78.86◦, and 82.62◦

corresponding to (435), (310), (212), (152), (197), (162), and (135) planes TiO2 nanocomposite.

The XRD analysis of the Aloe vera-TiO2 nanocomposite (Figure 3B) shows the typical peaks at 2𝜃 equal to 12.34◦, 22.64◦, 35.1◦, 48.12◦, 60.3◦

and 82.62◦ corresponding to (535), (340), (202), (150), (180), and (162) planes Aloe vera-TiO2 nanocomposite, respectively.

3.1.4 Energy dispersive X-ray

Figure 4A represents energy dispersiveX-ray (EDX) spectrumof TiO2 nanocomposite. Spectrumclearly represents peak corresponding to titanium,

carbon, and oxygen confirming the formation of TiO2 film. Figure 4B represents EDX spectrum of Aloe vera-TiO2 nanocomposite. Spectrum clearly

represents peak corresponding to iron, nickel, niobium, and oxygen illustrating the formation of Aloe vera/TiO2 nanocomposite film.
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F IGURE 2 Nyquist plot of bare glassy carbon electrode (GCE) (a), TiO2/GCE (b), and ALV-TiO2/GCE (c)

3.1.5 Scanning electronmicroscopy

Figure 5A depicts the scanning electron microscopy image of TiO2 nanoparticles. These nanoparticles are spherically shaped and appear as a huge

mass of granular particles, whereas ALV-TiO2 (Figure 5B) has rough and uneven surface revealing a large surface area and confirming the formation

of Aloe vera-titanium oxide nanocomposite.

3.2 Optimization of experimental parameters

3.2.1 Effect of pH

Effect of pHwas studiedwith BR and phosphate buffers. Deviation in the peak potentialswas observed on changing the pHvalue (Figure 6A) aswell

as current. On plotting a graph between pH and current, it was observed that QRC exhibitedmaximum response at pH 3.0 in BR buffer (Figure 8B).

From the figure, it is clear that after pH 3.0, the anodic current decreases gradually. Shifting of peak potential with pH indicates the involvement

of protons in the electrode process. A linear relationship was observed between peak potential (Ep) of QRC and pH, which can be expressed by

Equation (1):

Ep∕V (Ag∕AgCl) = −0.075 + 0.5648R2 = 0.992. (2)

3.2.2 Casting volume

The effect of loading of theAloe vera-titaniumoxide suspension on the surface of GC sensorwas also studied. It was observed thatwith the increase

in the loading volume, the peak current also increased. From Figure 7, it is clear that the peak current increased up to 4 µL and after that peak

current decreases gradually. The decrease in anodic peak current may be attributed to the presence of a thick layer of modifier, due to which the

process of electron transfer became slow. As highest peak response was obtained at 4 µL, therefore this loading volume was selected for further

experimental studies.

3.2.3 Effect of solvent system

The effect of different solvents (methanol, ethanol, DMF, TRX (Triton X-100), SLS (Sodium Lauryl Sulfate), and tween 20) on QRC oxidation was

studied by square wave voltammetry. Highest anodic peak current was obtained in ethanol (Figure 8). Therefore, ethanol was employed as the

solvent during all experiment.
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F IGURE 3 A, XRD pattern of Titanium oxide. B, XRD pattern of Aloe vera-titanium oxide

3.2.4 Effect of scan rate

Cyclic voltammetrywas used to study the reaction kinetics of QRC at ALV-TiO2/GC sensor. Cyclic voltammograms ofQRC (0.1mM)were recorded

at different scan rates. A total of 1.0MKClwas used as supporting electrolyte. At fixed concentration ofQRC, the scan rateswere varied from10 to

100 mV/s. On increasing scan rate, peak current also increases. A graph was plotted between the peak current (I) and the square root of the scan

rate. A linear relationship was observed (Figure 9A). The regression equation can be expressed as

I (𝜇A) = 2.172 (mV∕s) + 2.778R2 = 0.998. (2)

A calibration graphwas plotted between log of current and log of scan rate (Figure 9B). As the value of slope is found to be 0.71, which is close to

one, the process was assumed as diffusion controlled:

Log I (𝜇A) = 0.71 (mV∕s) + 0.047R2 = 0.954. (3)
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F IGURE 4 A, Energy dispersive X-ray (EDX) spectrum of titanium oxide. B, EDX spectrum of Aloe vera-titanium oxide

The linear relation between Ep and natural logarithm of scan rate (ln ѵ) (Figure 9C) followed the equation

Ep = E0 + (RT∕𝛼nF) ln(RTk∕𝛼nF) + (RT∕𝛼nF) ln 𝜈. (4)

The slope of equation nowould be equal to

Ep = RT∕𝛼nF, (5)

where E0 denotes the formal potential, 𝛼 denotes the transfer coefficient, k denotes the standard rate of reaction, n denotes the number of electron

involved in the electrode process, and 𝜐 denotes the scan rate.

From Equation (5),

n = 2.4.
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F IGURE 5 A, Scanning electronmicrograph of titanium oxide. B, Scanning electronmicroscopy image of ALV-TiO2

Thus, the number of electrons involved in the oxidation process was calculated to be 2.4, that is, 2 (Scheme 1).

3.3 Electrocatalytic behavior of ALV-TiO2/GC sensor toward the determination of QRC

The electrochemical response of QRC was investigated by square wave voltammetry and voltammograms were recorded in BR buffer of pH 3.0.

QRC exhibits a well-defined oxidation peak at ALV-TiO2/GC sensor. For comparison, peak response was also recorded at bare GCE and TiO2/GCE.

It is clear from the Figure 10 that the fabricated sensor exhibited an improved electrocatalytic response toward the detection ofQRC at TiO2/GCE.

The improved peak response at the fabricated sensor demonstrates the superiority of the developed sensor.
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F IGURE 8 Peak current of QRC in different solvents

4 VALIDATION OF THE PROPOSED METHOD

4.1 Linearity

The square wave voltammograms were recorded with increasing concentration of QRC. The anodic peak current increased linearly with increase

in concentration (Figure 11). Each point of the calibration graph corresponds to the mean value obtained from three independent measurements.

Linear calibration curve was obtained for QRC in the range of 0.01-0.07 µg/mL in BR (Britton Robinson) buffer pH 3.0.
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SCHEME 1 Reactionmechanism of QRC
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F IGURE 10 Square wave voltammograms of QRC on (a) blank, (b) bare GC, (c) TiO2/GC, (d) ALV-TiO2/GC sensor
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F IGURE 11 Linearity of quercetine by square wave voltammetry at GCE-Aloe vera-titanium oxide. Standard concentrations in BR buffer pH 3.0
are as follows: (a) blank, (b) 0.01 µg/mL, (c) 0.02 µg/mL, (d) 0.03 µg/mL, (e) 0.05 µg/mL, (f) 0.06 µg/mL, (g) 0.07 µg/mL, and (h) 0.08 µg/mL
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TABLE 1 Detection limit of QRC at different electrodes

Electrode Analytical method Linear range LOD Reference

Pt-PDA@SiO2/GCE SWV 0.05-0.383 µM 16 nM 1

Au-PAF-6/GCE DPV 1 × 10−6 to 6 × 10−4 µM 2nM 2

3D-rGO/CILE CV 0.1-100 µM 65 nM 3

Fe3O4@NiO/ CPE SWV 0.08-60 µM 2.18 nM 4

Poly(Gallic acid)/MWNT CV 0.075-25 µM 54 nM 26

CSPE DPV 0.016-17 µM 7.9 nM 29

ALV-TiO2/GCE SWV 3.3× 10−7 to 2.31× 10−6 µM 0.8 nM Present study

aAbbreviations: platinum-polydopamine coated silica particles modified glassy carbon electrode (Pt-PDA@SiO2/GCE), Gold nanoparticles decorated on

porous aromatic framework (Au-PAF-6/GCE), three-dimensional reduced graphene oxide aerogel/ carbon ionic liquid electrode (3D-rGO/CILE), magnetic

nanoparticles (MNPs)modified carbon paste electrode ((Fe3O4@NiO/CPE), Glassy carbon electrodemodifiedwithmulti-walled carbon nanotubes and elec-

tropolymerized gallic acid (poly(gallic acid)/MWNT/GCE), Carbon Screen printed Electrode (CSPE).

TABLE 2 Intraday rand inter day repeatability data for QRC at ALV TiO2/GC sensor

Intraday repeatability

Concentration Average current %CV

0.04 10.27 1.46

0.05 14.17 2.82

0.07 23.17 0.99

Interday repeatability

0.04 13.8 2.7%

0.05 19.6 2.3%

0.07 27.7 1.6%

TABLE 3 Sensor reproducibility data for QRC at ALV -TiO2/GC sensor

Sensor reproducibility Single sensor repeatability

Sensor Mean current %RSD Mean current % RSD

Sensor 1 8.29
a

0.30% 8.29
a

0.30%

Sensor 2 8.64
a

0.79%

Sensor 3 8.09
a

0.99%

Average 8.34
b

3.34%

aMean of three replicate reading.
bMean of three sensors.

4.2 Precision

Selectivity and sensitivity of anymethod are directly influenced by precision of results obtained. “Precision of methodmay be defined as the close-

ness of individual measures of an analyte, when the procedure is applied repeatedly to multiple aliquots of a single homogeneous volume of bio-

logical sample.” A minimum of three concentrations in the range of expected study concentration of QRC was found to be 1.46% for 400 ng/mL,

2.82% for 500 ng/mL, and 0.99% for 700 ng/mL, which suggests that the developed method exhibits excellent precision for the quantification of

quercetine.

4.3 Reproducibility and stability of the sensor

The reproducibility of sensor was also estimated with three different electrodes that were fabricated independently by the same procedure. The

RSD (Relative Standard Deviation) for peak current measuring in 0.1 M QRC demonstrates the reliability of the fabricated sensor (Table 2 & 3).

Additionally, the stability of modified GCEwas also investigated. For this, modified electrodewas kept for a month and at the end of themonth, the
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F IGURE 12 Voltammograms for different concentrations of QRC at ALV-TiO2/GC sensor in real sample

TABLE 4 Interference analysis for QRC in presence of different interferents at ALV-TiO2/GC sensor

Interferent

Interferent

concentration

(µg/mL) Recovery%

Inorganic ions (Na+ ,K+ ,Ca2+Cl− , SO42− , CO3
2−) 50 99.11%

Glucose 25 98.76%

Fructose 25 100.34%

Eugenol 25 97.78%

Capsaicin 25 99.06%

Morin 25 97.2%

peak current response was measured, which was approximately same as the original value. The excellent long-term stability and reproducibility of

the prepared electrodesmake them attractive as electrochemical sensors.

4.4 Real sample analysis

In this study, real sample analysis was done by standard addition method. The procedure adopted was as follow: Seven volumetric flasks of 2.0 mL

were taken and labeled as A, B, C, D, E, F, and G. To each volumetric flask, 1.0 mL of real sample was added. The flask A was diluted with ethanol up

to the mark. A total of 0.01mM standard solution of QRCwas added as 0, 200, 300, 400, 500, 600 and 700 µL in labeled flask from B to G followed

with dilution with ethanol up to the mark. Afterward, Voltammogrmwas recorded (Figure 12) and a graph was plotted between concentration and

peak response.

4.5 Interference study

The interference analysiswas performed to examine the selectivity of the sensor. The standard solutionof 0.05µg/mLQRCwasprepared in ethanol.

The studywas observed in the presence of various interferents such as organic compounds and inorganic ions. Slight change in current of QRCwas

observed in the presence of above interferents (Table 4).
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5 CONCLUSION

A novel sensor is developed by modifying the GCE with a highly conductive Aloe vera-titanium oxide nanocomposite for the electrochemical study

of theQRCby SWV (SquareWaveVoltammetry) technique. Fabricated sensor exhibited tremendous sensitivity, good stability, repeatability, repro-

ducibility, and low detection limit.
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