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Abstract 

 

Detection of antioxidants using various techniques had continuously received attention until 

today. In this research, electrochemistry was employed to detect antioxidants. The selected 

antioxidants (gallic acid, quercetin and rutin) were studied and characterized electrochemically 

using two electrochemical techniques, including cyclic voltammetry (CV) and square wave 

voltammetry (SWV). Gallic acid, quercetin and rutin are electroactive species. Quercetin was 

found to be more easily oxidised (Epa = 179 mV) compared to gallic acid (Epa = 256 mV) and 

rutin (Epa = 282 mV) in mixture of 0.1 M phosphate-buffered saline with ethanol (1:1 v/v) as 

supporting electrolyte. A series of chemically modified electrodes with different modifiers 

(multiwall carbon nanotubes (MWCNTs), bismuth(III) oxide (Bi2O3), bismuth(III) tungstate 

(Bi2WO3), bismuth oxybromide (BiOBr), fluorine doped tin oxide (FTO), and indium doped tin 

oxide (ITO)) were used to detect the selected antioxidants. The most effective modified electrode 

for detection of gallic acid was a FTO electrode, while the detection for quercetin was optimum 

using a Bi2O3 modified glassy carbon electrode (GCE), with increment in current peak of 17.4 % 

and 35.6 %, respectively as compared to GCE. Interestingly, the presence of gallic acid increased 

the peak current of bismuth ion, indicating that gallic acid might be one of the catalytic modifiers 

for bismuth ion oxidation peak. Other than electrochemical studies, high performance liquid 

chromatography (HPLC) analysis was also used to study the antioxidants content in selected 

commercially available supplements. In these application studies, analysis of grape seeds using 

both techniques revealed the presence of gallic acid and quercetin. Similarly, both 

electrochemical and HPLC analysis of Mindatulus’s Bromo-Q showed the presence of quercetin. 

In comparison, electrochemical technique was complementary to analytical HPLC technique for 

detection of the studied antioxidants in selected supplements. 
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1 Introduction 

1.1. Electrochemistry 

Electrochemistry is the study of chemical processes that cause electrons to move. This 

movement of electrons is called electricity, which can be generated by movements of electrons 

from one element to another in a reaction known as an oxidation-reduction ("redox") reaction. 

An electrochemical cell is a device where a redox reaction spontaneously takes place to produce 

an electrical current, or external energy is supplied to drive a non-spontaneous redox reaction. 

Accordingly, electrochemical cells are classified as a galvanic cell or an electrolytic cell. 

Galvanic cells are those whose reactions are spontaneous when the electrodes are connected via 

a conductor (i.e., a copper wire), while an electrolytic cell requires application of a potential in 

excess of its open circuit potential in order to drive an electrochemical process.  

During most electrochemical experiments, only the reaction occurring at a working electrode 

(WE), is of interest. In these cases, an ideal polarized electrode is paired with an electrode whose 

behaviour approaches that of an ideal non-polarizable electrode (e.g. a reference electrode (RE)) 

(Ciobanu et al., 2007, Smith and Stevenson, 2007). When the potential is measured between a 

WE and RE, there will be a voltage drop as a result of a current (I) flowing through a cell 

containing an electrolyte with a certain resistance (R), as given by Ohm’s law (Ciobanu et al., 

2007, Keyes and Forster, 2007, Shao, 2007): 

V = IR = IRs   Eq 1 

For systems where IRs is small (< 1–2 mV), a two-electrode system may be used without 

suffering a significant voltage drop. In the presence of a more resistive electrolyte, I must be 

small if a two-electrode cell is to be used. For cases where IRs cannot be kept below 2 mV, a 

three-electrode cell consisting of a counter electrode (CE), in addition to a WE and an RE, must 

be used. A two-electrode cell is usually used in potentiometric experiments, whereas a three-

electrode cell is used in voltammetric and amperometric experiments (Ciobanu et al., 2007, 

Abdel-Hamid and Newair, 2011). The third electrode is a CE and is used as a current sink for the 

cell. In a three-electrode cell, majority of the current passes between the WE and the CE, which 

lowers the potential drop resulting from IRs measured between the RE and the WE (Schulze, 

1988). 
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Cyclic voltammetry (CV) and square wave voltammetry (SWV) are two fundamental techniques 

widely used in electrochemical studies. Both techniques can be used to follow a redox reaction. 

A difference between both CV and SWV is that CV will show the results of both an oxidation 

and a reduction reaction at the same time, while SWV will only show the results of either an 

oxidation or a reduction reaction at one time. 

1.1.1. Cyclic Voltammetry (CV) 

CV is commonly used as a preliminary electrochemical technique to characterise a redox system. 

The potentials of a redox reaction are readily determined and mechanistic information can be 

deduced using the results of this technique. CV can also be used to determine the formal 

potential (E°’) and the number of electrons (n) involved in a redox reaction. In some cases, n 

cannot be easily determined for a reaction with a slow electron transfer rate, although useful 

estimates of Eº’ can still be made (Brownson and Banks, 2014). 

A redox couple in which both species are stable and rapidly exchange electrons at the working 

electrode is termed an electrochemically reversible couple. The formal potential (Eº’) for a 

reversible couple is centered between anodic peak potential (Epa) and cathodic peak potential 

(Epc): 

 
2

'
pcpa EE

E



    Eq 2 

For a reversible couple, n (number of electrons transferred) can be determined from the 

separation between the anodic and cathodic peak potentials from: 

 n
EEE pcpap

058.0


     Eq 3 

 

For example, CV was used to evaluate the antioxidant capacity of blood plasma (Filipe et al., 

2001, Duthie and Crozier, 2000), tissue homogenates (Duthie and Crozier, 2000) and edible 

plants (Dai and Mumper, 2010, Gupta and Sharma, 2006, Katalinic et al., 2006). Analysis of CV 

traces has yielded the values of (i) the biological oxidation potential, E and E1/2, which relate to 
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the nature of the specific molecule(s); (ii) the intensity (Ipa) of the anodic current; and (iii) the 

area of the anodic wave (S) (Chevion et al., 2000). 

CV is very similar to linear sweep voltammetry (Kelly, 2009, Pisoschi et al., 2009, Riber et al., 

2000), except that the scan is swept from an initial potential to a final potential and then back to 

the initial potential in CV. CV is capable of generating a new species during the forward scan 

and then probing its fate on the reverse and subsequent scans. The Randles-Sevcik equation (Eq 

4) also holds for CV.  

Ip = 0.4463 nFAC (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

2
    Eq 4 

where; 

  Ip = current maximum in amps  

  n = number of electrons transferred in the redox event (usually 1)  

  A = electrode area in cm2  

  F = Faraday's constant in C/mol  

  D = diffusion coefficient in cm2/s  

  C = concentration in mol/cm3  

  ν = scan rate in V/s  

  R = Gas constant in J/(K mol)  

  T = temperature in K 

 

The characterisation of diffusion in electrolyte solutions is important both for fundamental 

reasons helping us understand the nature of the structure of aqueous electrolytes, and for 

practical application in fields such as biological environment (Ribeiro et al., 2010). Therefore, 

accurate knowledge of the diffusion coefficient (D) is required for most of the electrochemical 

studies.  

Electrochemical experiments are often designed so that diffusion is the sole form of mass 

transport. Even in cases where convection and migration occur, diffusion can rarely be ignored 

as a significant contributor to the overall mass transport. Therefore, theoretical treatments of 

electrochemical systems that involve mass transport normally require that the diffusion 

coefficient of the redox species of interest, D, is to be known (Baur, 2007).  

https://en.wikipedia.org/wiki/Gas_constant
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Yet despite its importance, values of D are not readily found. This is because the diffusion 

coefficient of a species in solution depends upon several factors (e.g. temperature, viscosity, 

electrolyte, etc.), so comprehensive tabulation is impractical. When the diffusion coefficient 

must be known for a new compound or a new set of conditions, the usual approach is to measure 

D for the particular species of interest under specified experimental conditions. An accurate 

measurement requires careful characterisation and calibration of the measurement system using a 

species with a known diffusion coefficient under well-defined conditions (Baur, 2007). 

Techniques based upon the application of a large amplitude potential step are probably the 

simplest and most widely applied methods for measuring D. In using this technique, it is of vital 

importance that the potential is stepped from a value where the species of interest is not reduced 

(or oxidised) to a value where the electrolytic current is diffusion-controlled . Furthermore, the 

step potential must be selected so that only the redox species is electrolyzed. An advantage of 

chronoamperometric techniques is that species with slow heterogeneous kinetics are amenable to 

the determination of D, as long as the potential can be stepped to a value where the rate of the 

electron transfer reaction is large and therefore the process is under diffusion control (Baur, 

2007). 

1.1.2. Square Wave Voltammetry  

Square wave voltammetry (SWV) is an important electroanalytical technique with a broader 

dynamic range and lower limit of detection compared to CV (Mann et al., 2014). Nowadays it is 

considered as one of the most common voltammetric techniques, which unifies the advantages of 

pulse techniques (enhanced sensitivity), CV (insight into the electrode mechanism) and 

impedance techniques (kinetic information of very fast electrode processes) (Mirceski et al., 

2013). 

The primary advantage of the pulse voltammetric techniques, such as normal pulse or differential 

pulse voltammetry (DPV), is their ability to discriminate against charging (capacitance) current. 

As a result, these pulse techniques are more sensitive to oxidation or reduction currents (faradaic 

currents) than conventional direct current (dc) voltammetry. DPV yields peaks for faradaic 

currents rather than the sigmoidal waveform obtained with dc or normal pulse techniques. This 

results in improved resolution for multiple analyte systems and more convenient quantitation 

(Research, 2017). 
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The square wave voltammetric waveform consists of a square wave superimposed on a staircase. 

The currents at the end of the forward and reverse pulses are both registered as a function of 

staircase potential. The difference between them, the net current, is larger than either of its two 

component parts in the region of the peak which is centred on the half-wave potential. 

Capacitative contributions can be effectively discriminated against before they decay away 

because, over a small potential range between forward and reverse pulses, the capacitance is 

constant and is thus annulled by subtraction. In this way the pulses can be shorter than in DPV 

and the square wave frequency can be higher. Instead of the effective sweep rates of 1 to10 mV/s 

of DPV, scan rates of 1 V/s can be employed (Brownson and Banks, 2014). 

Typical potential modulation used in SWV consists of a staircase potential ramp modified with 

square-shaped potential pulses (Figure 1A). At each step of the staircase ramp, two equal in 

height and oppositely directed potential pulses are imposed. The latter two potential pulses 

complete a single potential cycle in SWV (Figure 1B) (Mirceski et al., 2013). 

 

Figure 1 Potential waveform (A), one potential cycle (B), and typical voltammogram in 

square-wave voltammetry (C). The response consists of a forward (anodic, Ψf), 

backward (cathodic, Ψb) and net (Ψnet) component (Mirceski et al., 2013). 
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Modern SWV, incorporated in digital electrochemical instruments, utilizes a combination of a 

staircase potential modulation and periodic square-shaped potential function, applied at a 

stationary electrode (Mirceski et al., 2013). 

1.1.3. Chemically Modified Electrodes  

Chemically modified electrodes (CMEs) comprise a relatively modern approach to electrode 

systems that find in applications a wide spectrum of basic electrochemical investigations, 

including the relationship of heterogeneous electron transfer and chemical reactivity in electrode 

surface chemistry, electrostatic phenomena on electrode surfaces, electron and ionic transport 

phenomena in polymers, as well as the design of electrochemical devices and systems for 

applications in chemical sensing, energy conversion and storage, molecular electronics, 

electrochromic displays, corrosion protection, and electro-organic synthesis (Durst, 1997). One 

of the ways to prepare CMEs is using mechanical attachment technique. This technique is based 

on the mechanical immobilization of solid particles at the surface of carbon or metal electrodes 

in the absence of binders. This technique has widened the possibility of solid-state 

electroanalysis due to its broad applicability (Janeiro and Brett, 2005). 

Importantly, these CMEs, which are made by incorporating specific chemical groupings or 

"microstructures" on conventional electrode surfaces, are of interest because their responses have 

two completely separate components: the usual electrochemical component determined by the 

potential at which the electrode is maintained instrumentally and an additional chemical 

component determined by the reactivity of the attached group (Anton Alexandru, 2014). 

Consequently, CMEs offer not only easily variable redox characteristics but also the possibility 

of adjustable physical and chemical properties (such as charge, polarity, chirality, permeability) 

(Baldwin and Thomsen, 1991). The ability to manipulate the molecular architecture of the bulk 

matrix of an electrode and its surface in particular has led to a wide range of analytical 

applications of CMEs and created powerful opportunities for electroanalysis (Anton Alexandru, 

2014). Typically, the reaction under investigation would either generate a measurable current 

(amperometric), a measurable potential or charge accumulation (potentiometric) or measurably 

alter conductive properties of a medium between electrodes (conductometric) (Chaubey and 

Malhotra, 2002). 

The developments of CMEs are still of interest among many research groups and these 

electrodes have been widely applied to different fields. Piovesan’s group has modified a glassy 
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carbon electrode (GCE) with gold nanoperticles (AuNPs) and carboxymethylcellulose and 

applied the electrode to the determination of the antioxidant catechin extracted from the dietary 

fibre, Acacia, with LoD of 0.274 μM (Piovesan et al., 2017).  

There are many different applications of CMEs, depending on the targeted objectives. Some of 

them focused on the detection of metal ions (Cazula and Lazarin, 2017, Macías-García et al., 

2017, Rana et al., 2017, Alizadeh et al., 2017), biosensors (Dinesh et al., 2017, Mayuri et al., 

2017, Palanisamy et al., 2017), nucleic acids (Makra et al., 2017, Honarvarfard et al., 2017), 

water analysis (Ali et al., 2017, Zhu et al., 2017b, Abrego et al., 2017), organic reagents (da 

Silva et al., 2017, Zhao et al., 2017, Cheng et al., 2017, Hsieh and Whang, 2017, Zhu et al., 

2017b, Zhu et al., 2017a, Palakollu et al., 2017), inorganic compounds (Mohammadi et al., 2017, 

Kesavan et al., 2017, Movlaee et al., 2017), cell viability (Hassan et al., 2017, Sedki et al., 2017), 

and etc. Most of them used common electrodes, such as GCEs, graphene, tin oxide and gold 

electrode, which can be easily modified. As pertaining those aforementioned, new modifiers 

were also being developed and applied on conventional electrodes . 

Theoretically, the current generated by an analyte will be increased if the CMEs used are 

compatible with the analyte. Compatible means that the CMEs will be shifting the equilibrium 

toward the reactant (oxidation process) where more analytes will be oxidised. Furthermore, the 

concentration of the analyte is directly proportional to the current generated as shown in Cottrell 

equation (Eq. 5). Thus, current generated by an analyte will be increased. Therefore, 

electrochemists often focus on the current produced by an analyte. The current response is 

described by the Cottrell equation (Eq. 1) for a planar electrode. Current (I) is directly 

proportional to concentration (C) in which that the other parameters are constant (according to 

Eq. 1).  

2

1

2

1

2

1

t

CnFAD
I





     Eq 5 

There are many approaches on detecting the presence of antioxidants using electrochemical 

methods, but to date there is no standard procedure being developed. Therefore in this study, we 

are developing a chemical sensor using electrochemical approach for determination of the 

presence of the antioxidant in a compound.  
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1.2. High Performance Liquid Chromatography Analysis 

The principle underlying high performance liquid chromatography (HPLC) is that the studied 

components are separated between a stationary phase and a mobile phase under high pressure by 

elution with different solvents. In this study, the detection of individual compounds is achieved 

by the use of diode array detection, which allows the collection of spectra and simultaneous 

quantification by several wavelengths (Mattila et al., 2000). One main advantage of HPLC is that 

better separation can be achieved compared to thin layer chromatography. This can be achieved 

through manipulation of various parameters such as pressure, temperature and gradient of 

solvents.  

 

1.3. Antioxidants 

Plants contain high concentrations of numerous redox-active antioxidants, such as polyphenols, 

carotenoids, tocopherols, glutathione, and ascorbic acid as well as enzymes with antioxidant 

activity, which fight against hazardous oxidative damage of plant cellular components (Pisoschi 

et al., 2009). In animal cells, antioxidant production is much more limited and oxidative damage 

is involved in aging and pathogenesis of most of the chronic degenerative diseases or clinical 

conditions, including cancer and heart diseases (Pisoschi et al., 2009, Duthie and Crozier, 2000). 

Antioxidants are compounds that inhibit or delay the oxidation process by blocking the initiation 

or propagation of an oxidising chain reaction, which leads to oxidative damage (Apetrei et al., 

2011). In general, plant-sourced food antioxidants like vitamin C, vitamin E, carotenes, phenolic 

acids, phytates and phytoestrogenes have been recognized as having the potential to reduce risk 

of disease occurrence (Pisoschi et al., 2009). Phenolic compounds exist in plants ubiquitously, 

and they have attracted attention as potential agents for preventing and treating many oxidative 

stress-related diseases. It has been reported that polyphenolic compounds have a great deal of 

benefits to human health due to their pharmacological properties of anti-inflammatory, anti-

oxidative, anti-mutagenic, anti-carcinogenic and antihistaminic (Abdel-Hamid and Newair, 

2011).  

Analysis of antioxidants often involves methods such as HPLC, mass spectrometry, capillary 

zone electrophoresis, and spectrophotometry which usually need expensive equipment, 

complicated operation and a large amount of toxic organic solvents (Beitollahi and Sheikhshoaie, 
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2011, Baghayeri and Namadchian, 2013, Baghayeri et al., 2014). In contrast, the electrochemical 

detection methods involving CMEs have received increasing interests in environmental, clinical 

and food analysis owing to their intrinsic advantages of high sensitivity, good selectivity, 

simplicity and low-cost (Gao et al., 2015, Yang et al., 2010).  

Flavonoid is a generic name for a large group of plant metabolites, which are mostly derived 

from the biosynthetic route of shikimic acid (Gil and Cout, 2013). They have a C6-C3-C6 general 

core (Figure 2), which is represented by three units, A, B and C. Units A and B are essentially 

aromatic rings of phenolic nature, whilst unit C is an oxygen containing hetereocycle, benzo-γ-

pirone, whose level of oxidation, namely the presence or absence of: C2-C3 double bond; C3-OH 

hydroxyl group; and C4-keto group defines their subclasses and also the controversial 

nomenclature (Tsao, 2010). The electroactivity of flavonoids resides on the phenolic groups and 

the electron donor ability is mainly governed by B-ring chemistry (Gil and Cout, 2013) as shown 

in Figure 2. 

 

Figure 2 A basic chemical structure of flavone (Filipiak, 2002). 

A total of three antioxidants including gallic acid (Abdel-Hamid and Newair, 2011, Barroso et 

al., 2012, Barros et al., 2011), quercetin (Jørgensen et al., 1998, Knekt et al., 2002, Yao et al., 

2014) and rutin (Hu et al., 2012, Medvidović-Kosanović et al., 2010, Zare et al., 2009) has been 

studied. Their corresponding chemical structures are shown in Figure 3, Figure 4 and Figure 5.  

Many antioxidants exhibit inherent electroactivity, acting as reducing agents in solutions 

(Kilmartin et al., 2001). Therefore, employing electrochemical methods could be a viable 

approach for evaluating the overall reducing power of antioxidant compounds within a fresh 

produce matrix without the need for added reactive species (Blasco et al., 2005).   
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1.3.1. Gallic Acid 

Gallic acid (3,4,5-trihydroxybenzoic acid) can been found in fruits, vegetables and drinks 

(Ghoreishi et al., 2011). Gallic acid is one of the main polyphenolic compounds (Wang et al., 

2007). Notably, gallic acid is often used as an electrochemical standard in the estimation of the 

total polyphenol content or antioxidant capacity index in foods (Gao et al., 2015). 

There has been a lot of on-going research on the analytical detection of gallic acid using different 

modified electrodes. For example, gallic acid was detected at a boron-doped diamond film 

electrode in 0.1 M perchloric acid as a supporting electrolyte (Panizza and Cerisola, 2009). 

Panizza and Cerisola (2009) concluded that the degradation of gallic acid evidenced a pseudo 

first-order kinetics and the rate constant increased with applied current. Similarly, Abdel-Hamid 

and Newair (2013) reported a 2-fold improved detection of gallic acid at a polypinephrine-

modified GCE as compared to bare GCE. By using a thionine and nickel hexacyanoferrate 

modified graphite electrode to detect gallic acid, Sangeetha and Narayanan achieved a limit of 

detection of 1.66 μM (2014). Liang et al. (2016) took advantage of the unique plane structure of 

sulfonated graphene has facilitated the immobilisation of a gold microcluster, which was then 

immobilised on a GCE and exhibited lowest LoD value (10.7 nM).  

 

Figure 3 Molecular structure of gallic acid.  
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1.3.2. Quercetin 

Quercetin is known to exhibit anti-cancer, anti-allergic, anti-inflammatory and antiviral 

activities. The chemical structure of quercetin, depicted in Figure 4 , shows that it consists of a 

resorcinol ring (ring A), a catechol ring (ring B) and a hydroxyl-bearing ring at position 3 (ring 

C) (Reddaiah et al., 2012). As an electrochemically active species, electrochemical detection of 

quercetin is highly preferable due to intrinsic advantages of higher sensitivity, low cost and less 

interferences from non-electroactive substances (Sun et al., 2013).  

There have been many studies focussing on the detection of quercetin using different modified 

electrodes including activated silica gel-modified carbon paste electrodes (Chen et al., 2012), 

carbon nanotube paste electrodes (CNTPE) (He et al., 2005, Lin et al., 2006), copper 

microparticle modified carbon nanotube paste electrodes (Oliveira and Mascaro, 2011), Co3O4 

nanoparticle-modified GCEs (Wang et al., 2011) and a carbon nanotube/nafion composite 

modified GCEs (Li and Huang, 2015). 

In addition, by detecting quercetin at a platinum nanoparticle/poly(hrdroxymethylated-3,4-

ethylanedioxylthiophene) nanocomposite-(PtNP/PEDOT-MeOH) modified GCE in 0.1 M 

phosphate buffered saline (PBS), an LoD of 5.2 nM was achieved (Yao et al., 2014). These 

authors attributed the sensitive detection of quercetin at the PtNP/PEDOT-MeOH/GCE to the 

synergic effects of the electrocatalytic activity and strong adsorption ability of PtNP together 

with the good water solubility and high conductivity of PEDOT-MeOH. In another study, an 

LoD of 27.6 ÅM quertin in green tea was reported at a siloxane-polyester/poly-L-lysine 

nanocomposite modified GCE in a supporting electrolyte of Britton-Robinson buffer 0.04 M 

with ethanol (1:1 v/v) (Pereira et al., 2016). The authors highlighted the application of a hybrid 

of organic (poly-L-lysine) and inorganic (siloxane-polyester) material has aided in achieving the 

low LoD. 

 

Figure 4 Molecular structure of quercetin. 
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1.3.3. Rutin 

Rutin (vitamin P) is a therapeutically drug with physiological functions such as anti-flammatory, 

antitumor and anticancer. As rutin (the chemical structure is shown in Figure 5) is flavonoid 

glycoside compound with electrochemical activity, electroanalytical technique has been used for 

the direct detection of rutin, which shows many advantages including high sensitivity, simple 

and speedy procedure, low cost equipment with wider dynamic range (Hu et al., 2012). 

A Ag nanoparticle/poly(methylene blue) functionalized graphene (Ag/NP/PMB-GR) composite 

film-modified Au electrode was firstly constructed via a facile electrochemical method (Yang et 

al., 2014). The electrochemical behaviour of rutin was investigated at the modified electrode, and 

the results demonstrated that the AgNP/PMB–GR could remarkably increase the redox currents 

of rutin. These results might be attributed to the synergistic effect of AgNP, PMB and GR on the 

AgNP/PMB– GR/Au electrode. PMB, as an electroactive conjugated cationic dye, always acts as 

a redox indicator. Moreover, PMB can provide with a p-conjugative structure. This unique 

property would allow the organic conjugated compound of rutin to interact with PMB through p–

p electronic interactions, leading to accumulation of more rutin molecule at the electrode surface. 

In this way, an increased redox current of rutin was expected. Based on differential pulse 

voltammetry (DPV), three separate linear calibration ranges between 0.01 and 0.1 μM, 0.1 and 

2.0 μM, and 2.0 and 10.0 μM rutin, and a limit of detection of 0.01 M were reported (Yang et al., 

2014).  

A chemically cross-linked copper-complexed chitosan/multiwalled carbon nanotube-modified 

GCE (Cu-CS/MWCNT/GCE) was constructed and used to detect rutin in 0.04 M Britton-

Robinson buffer (pH 3) (Gholivand et al., 2016). An LoD of 0.01 μM was estimated. The Cu– 

CS/MWCNT GCE has also shown good selectivity, stability, and reproducibility. 

In addition, electropolymerisation of pyrrole on a graphene-multiwall carbon nanotube 

composite (G-MWCNT) coated GCE was developed and applied to the detection of rutin (Yang 

et al., 2016). The netlike G-MWCNT composite, prepared by an in situ hydrothermal process, 

offers high conductivity, electrocatalytic activity, and an LoD of 5.0 nM was estimated. 
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Figure 5 Molecular structure of rutin. 
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2 Research Background 

Detection of antioxidants can be done with various methods as mentioned in Chapter 1. As 

compared to other methods, electrochemical study is rather fast and easy to identify the targeted 

antioxidants. Furthermore, electrochemical study is cheaper because the usage of solvent or 

electrolyte is much lesser than other detection methods. Thus, electrochemical study is good at 

benchmarking specific antioxidant for initial detection stage in a research. Electrochemistry can 

be used to quantify and qualify an antioxidant of interest through a series of electrochemical 

studies, including CV and SWV. The main technique utilised in this research is electrochemistry. 

HPLC will be used as a supporting technique as HPLC is well known for its high accuracy and 

its ability to identify an analyte. 

Although a lot of research had focused on the detection of antioxidants, there was no universal 

detector for the presence of antioxidants. Therefore, the objective of this project was to develop a 

universal antioxidants detector. A universal detector is capable of identifying the specific 

antioxidant(s) in a sample, both quantitatively and qualitatively. It will be a huge breakthrough in 

electrochemistry if a universal detector is developed. In contrast, if that developed detector 

cannot be used universally, then individual detector will be developed to detect the desired or 

targeted antioxidant(s).  

As aforementioned, electrochemists have been focusing on using different type of modifiers onto 

different type of working electrodes for detecting the presence of antioxidants. Another main 

criterion in selection of modified electrode is the LoD. LoD is referring to the ability of a 

detector (working electrode) in detecting the analyte(s) at its (the analyte) lowest concentration. 

An electrode with a lower LoD will be chosen as the working electrode (Armbruster and Pry, 

2008). Thus, lower value of LoD of an electrode will be chosen as the working electrode. Every 

researcher had been struggling to develop a modified electrode with low LoD value and yet it is 

hard to achieve. In order to become a good modified electrode, the modifier must have high 

conductivity and yet undetectable under the studied range of potential in a voltammogram. Other 

than that, the modifier must not dissolve in the supporting electrolyte. 

A number of antioxidants, which abundantly present in plants, will be selected in the first stage 

of the research. Antioxidants of interest are of plant origin and belonged to the phenolic and 

polyphenolic class of compounds as well as carotenoids and antioxidant vitamins, among others 

(Shahidi, 2015). The plant of interest is originated from Leguminosae family. Many plants from 
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the Leguminosae family are medicinal herbs that can be easily found in Malaysia. They can be 

seen growing as weeds (i.e. Mimosa pudica), woody shrubs (Peltophorum pterocarpum), crops 

(Arachis hypogaea) and vines (Bauhinia kockiana). Some of these plants are edible, and hence 

they are utilised for various purposes in food, beverages, and  as food colouring agent (Chew et 

al., 2009). Extraction of antioxidants from the plant is not carried out in this study, where the 

extracted compound need to be characterised and identified. The plants from this family were 

extensively studied, thereby the selection of antioxidants of interest will be carried out according 

to published literature (Chew et al., 2009, de Rijke et al., 2004). Lastly, commercially available 

antioxidants will be purchased according to the list of selected antioxidants.   
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3 Objectives 

 

This research is aimed at identifying the best modified electrode in detecting the presence of 

selected antioxidants (gallic acid, quercetin and rutin), either in bulk or individually. The 

antioxidants will be characterised using electrochemical techniques including CV and SWV. A 

series of CMEs with different modifiers (MWCNT, bismuth(III) oxide (Bi2O3), bismuth(III) 

tungstate (Bi2WO3), bismuth oxybromide (BiOBr), fluorine doped tin oxide (FTO), and indium 

doped tin oxide (ITO)) were designed and used to detect the selected antioxidants. Even though 

the selected antioxidants have been studied by other researchers, characterisations of 

antioxidants and CMEs are required as the experimental parameters may varies from case-to-

case. This is then followed by optimisation of CMEs, which includes the optimum amount of 

modifier that needed to be attached onto GCE, selection of modifier that compatible with the 

targeted antioxidants, and stability of the modifier within the supporting electrolyte. Lastly, the 

characterised and optimised CMEs will be used as a detector to detect antioxidants within the 

commercially available supplements, both qualitatively and quantitatively. 
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4 Experimental 

4.1. Electrochemical Analysis 

All chemicals and antioxidants used in this study were purchased from Sigma-Aldrich. The 

antioxidant compounds (gallic acid, quercetin and rutin) were studied electrochemically using a 

three-electrode system (Figure 6) including a 3-mm diameter glassy carbon working electrode 

(WE), a NaCl saturated Ag|AgCl, reference electrode (RE), and a 1-mm diameter platinum 

counter electrode (CE). 

The antioxidant compound (1 mM final concentration) was dissolved in 10 mL of 0.1 M of 

supporting electrolyte and placed into an electrochemical cell as shown in Figure 6. The solution 

was degassed using nitrogen to remove dissolved oxygen and then blanketed with nitrogen to 

prevent oxygen from dissolving in the solution. After that the three electrodes were immersed in 

the solution and a voltammogram was recorded using the Epsilon electrochemical workstation. 

Unless otherwise mentioned, the temperature was (25 ± 2) ºC.  

 

Figure 6 Electrochemical cell – three electrode system. 
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Figure 7 Epsilon electrochemical workstation. 

 

4.2. High Performance Liquid Chromatography Analysis 

For each studied commercially available supplements, one tablet of the supplement was 

dissolved in 50 mL of ethanol and water mixture (1:1 v/v), and filtered with 0.22 µm syringe 

filter (PTFE). Reverse phase HPLC was carried out by using a C18 HPLC column. The flow rate 

and the temperature were set at 1 mL/min and 25 °C, respectively. The mobile phases utilized 

were HPLC grade methanol and water. A linear gradient from 5 % methanol to 100 % methanol 

for the first 45 min, followed by 15 min of 100 % methanol (isocratic) was used to elute the 

samples. Elution profile of the studied supplements was monitored at 210 nm. In addition to 

those aforementioned, spiking technique was used where the respective supplements was 

premixed with gallic acid or quercetin accordingly at 5 mg/mL before subjected to HPLC 

analysis.   
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5 Results and Discussion 

5.1. Gallic acid 

5.1.1. Selection of Supporting Electrolyte 

The fundamental criterion to be a good supporting electrolyte is that it should not contain any 

peak(s) in redox reaction. Besides that, being a good supporting electrolyte, it should not have 

high capacitance value (area under its graph), as it will be hindering the expression (current 

peak) of an analyte in a voltammogram. In the end, the current peak of an analyte will not be 

observed if supporting electrolyte with high capacitance was used.  

In this work, it is important to identify a suitable supporting electrolyte for use in the cyclic 

voltammetry of gallic acid. Therefore, cyclic voltammetry of a series of supporting electrolytes 

including 0.1 M potassium hydroxide (KOH), 0.1 M potassium chloride (KCl), 0.1 M potassium 

dihydrogen phosphate (KH2PO4), 95% ethanol, and 0.1 M phosphate-buffered saline (PBS), a 

mixture of 0.1 M PBS and ethanol (1:1 v/v) at GCE was conducted and the results obtained are 

shown in Error! Reference source not found.. In these voltammograms, there were no 

observable oxidation and reduction peaks within the potential range, except those obtained in the 

presence of 0.1 M KOH, 0.1 M KH2PO4 and 0.1 M PBS with ethanol (1:1 v/v).  

Based on the Figure 8Error! Reference source not found., redox peaks (compared at the same 

range of current in y-axis) were absence for most of the supporting electrolytes. Four out of six 

listed supporting electrolytes (KOH, KCl, PBS, and KH2PO4) had shown potential window (the 

rising current on the right and reducing current on the left in a voltammogram) that might hinder 

the current peak of an analyte. Thus, ethanol and mixture of 0.1 M PBS with ethanol was the best 

selection as supporting electrolyte in this research.  
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Figure 8 Cyclic voltammograms of different supporting electrolytes a) 0.1 M KOH, b) 

0.1 M KCl, c) 0.1 M PBS, d) 0.1 KH2PO4, e) ethanol, and f) mixture of ethanol and 0.1 

M PBS (1:1 v/v) without any analyte at scan rate of 100 mV/s. 

 

  

f) 0.1 M PBS with ethanol 

(1:1 v/v) 
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Gallic acid exhibited two oxidation peaks at 429 mV (Epa I) and 671 mV (Epa II) and current 

peaks (intensity) of 28.6 µA (Ipa I) and 1.00 µA (Ipa II) respectively in Figure 9. In this mixture 

of electrolytes, gallic acid did not exhibit nice and strong antioxidant properties as shown in 

Figure 9. Therefore, we have pursued in using the CMEs to develop a suitable electrochemical 

sensor for gallic acid which could increase the sensitivity by observing the current peak. 

 

 

Figure 9 Cyclic voltammogram of gallic acid at bare GCE in 0.1 M PBS-ethanol (1:1 

v/v) at scan rate of 100 mV/s.  
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5.1.2. Selection of Modified Electrodes 

We have used several materials including multi-wall carbon nanotubes (MWCNTs), bismuth 

oxide (Bi2O3), bismuth oxybromide (BiOBr) in 3 different states (pristine, oxygen vacancy and 

bismuth and oxygen in excess), and bismuth tungstate (Bi2WO6) in 3 different states (pristine, 

oxygen vacancy and ultrathin) to modify GCEs. All materials were applied to a GCE surface 

using mechanical attachment. Overlaid cyclic voltammograms of gallic acid obtained at a 

MWCNT-modified GCE (trace a), a GCE (trace b), and a Bi2O3-modified GCE (trace c) in 0.1 

M PBS with ethanol (1:1 v/v) are shown in Figure 10.  In these voltammograms, there is a 48.9% 

increase and 52.4% decrease in the peak current in trace a and trace c, respectively, compared to 

trace b. 

 

Figure 10 Overlaid cyclic voltammograms of gallic acid in different type of modified 

electrodes; a) GCE modified with MWCNTs (GCE-MWCNTs), b) GCE and, c) GCE 

modified with bismuth (III) oxide (GCE-Bi2O3), in 0.1 M PBS-ethanol (1:1 v/v) at scan 

rate of 100 mV/s. 
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Other than the mentioned CMEs, we have used other types of working electrodes such as indium 

tin oxide (ITO) electrode and a fluorine doped tin oxide (FTO) electrode. ITO films have shown 

good efficiency for hole injection into organic materials (Kim et al., 1999). Fluorine doped tin 

oxide has large surface area and good electrical conductivity, good electrocatalytic properties, 

mechanical stability, high selectivity, availability, low cost and environmentally friendly 

(Miranda et al., 2012). The effect of the fluorine content on the electrical properties of FTO was 

investigated by Elangovan and Ramamurthi (2005) who reported that degradation in the 

electrical properties is probably due to the solubility limit of fluorine content in the thin film. As 

reported by Banyamin et al. (2014) electrical properties of the thin film as function of the 

fluorine doping level revealed that a resistivity as low as 6.71 mΩ•cm was obtained.  

According to Figure 11, gallic acid was detected at FTO and ITO, respectively. Peak current 

generated by gallic acid was quite high where 497 µA (at ITO) and 108 µA (at FTO). This value 

cannot be compared to the peak current of gallic acid at GCE as the base of the mentioned 

electrodes were different. GCE is carbon-based while ITO and FTO are glass-based electrodes. 

Based on the Figure 12, Figure 13, and Figure 14, there was a significant difference between the 

presence and absence of gallic acid. GCE modified with MWCNTs was the least favoured as the 

capacitance (area under the graph) generated in MWCNTs was higher as compared to ITO and 

FTO. The "real" peak current generated by the gallic acid might be masked under the capacitance 

generated by MWCNTs. Therefore, ITO and FTO were preferred over GCE modified with 

MWCNTs.  
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Figure 11 Cyclic voltammogram of gallic acid in a) ITO and b) FTO working 

electrodes in 0.1 M PBS-ethanol (1:1 v/v) at scan rate of 100 mV/s. 

 

Figure 12 Cyclic voltammogram at a) ITO with absence of gallic acid, and b) ITO with 

presence of gallic acid in 0.1 M PBS-ethanol (1:1 v/v) at scan rate of 100 mV/s. 
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Figure 13 Cyclic voltammogram at a) FTO with absence of gallic acid, and b) FTO 

with presence of gallic acid 0.1 M PBS-ethanol (1:1 v/v) at scan rate of 100 mV/s. 

 

 

Figure 14 Cyclic voltammogram at a) GCE modified with MWCNTs with absence of 

gallic acid, and b) GCE modified with MWCNTs with presence of gallic acid 0.1 M 

PBS-ethanol (1:1 v/v) at scan rate of 100 mV/s. 
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5.1.3. Square Wave Voltammetry of Gallic Acid 

Square wave voltammetry (SWV) is well known in its higher sensitivity, rejection of background 

currents, and its speed in increasing the signal-to-voice ratio if coupled with computer control 

and signal averaging (Kounaves, 1997) as compared to CV. SWV can only generate result 

pertaining either oxidation or reduction process in a voltammogram at one time. Besides that, 

antioxidant properties can be observed in oxidation process only. Thus, SWV was used to focus 

on the oxidation process of an antioxidant. 

A series of SWV traces for the oxidation of gallic acid at different electrodes is shown in Figure 

15. The detection strength is same as in CV results where ITO is the best detector for gallic acid 

among those tested electrodes. The mentioned detection strength was the ability of producing the 

same results and yielding the same outcome as compared to CV. As compared to CV 

voltammogram, gallic acid oxidation peak in SWV voltammogram exhibited a higher, sharper, 

better resolution, and significant oxidation peak. Therefore, SWV is chosen as the main 

electrochemical technique in detecting the presence of gallic acid.  

 

Figure 15 Square wave voltmmogram of gallic acid in different types of working 

electrodes; a) ITO, b) FTO, c) CNT-GCE, d) Bi2O3-GCE, and e) GCE in 0.1 M PBS-

ethanol (1:1 v/v) at scan rate of 15 Hz. 
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5.2. Quercetin 

5.2.1. Selection of Supporting Electrolyte 

Quercetin (3,3´,4´,5,7-pentahydroxyflavone) is found predominantly in vegetables and fruits 

(Abdel-Hamid et al., 2012). Quercetin is also a natural pentahydroxyflavone which is believed to 

exhibit estrogenic and anticancer activity by acting as an effective radical-scavenger against 

oxidative cell damage (Zhou et al., 2007). Various epidemiological studies have shown that 

quercetin and related isoflavonoids were able to suppress cancerous tumor growth in vivo and in 

vitro(Zhou et al., 2007). 

A preliminary test was conducted on the solubility of quercetin in different potassium salt based 

solutions, a fundamental inelectrochemical medium selection, as the supporting electrolytes. The 

tested supporting electrolytes were 0.1 M potassium hydroxide (KOH), 0.1 M potassium chloride 

(KCl), 0.1 M potassium dihydrogen phosphate (KH2PO4), 95% ethanol, 0.1 M phosphate-

buffered saline (PBS), and mixture of 0.1 M PBS and ethanol (1:1 v/v). Among all those stated 

supporting electrolytes, mixture of PBS with ethanol (1:1 v/v) was the best as shown in Figure 

16.  

 

Figure 16 Cyclic voltammogram of mixture of 0.1 M PBS with ethanol (1:1 v/v) 

without quercetin at scan rate of 100 mV/s. 
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5.2.2. Cyclic Voltammetry of Quercetin 

Among all the tested supporting electrolytes, mixture of 0.1 M PBS-ethanol (1:1 v/v) was the 

best for quercetin in exhibition of the redox reaction. Quercetin demonstrated a nice redox 

reaction as shown in Figure 17. There are two oxidation peaks (Epa) and one reduction peak 

(Epc) in the cyclic voltammogram. Quercetin oxidized twice at 179 mV (Epa I) and 653 mV (Epa 

II) and reduced at 124 mV (Epc I). Current peak of quercetin in oxidation reactions were 3.5 µA 

(Ipa I) and 2.6 µA (Ipa II) while in reduction reaction was 1.1 µA (Ipc I). This was corresponded 

to 1.0 mM (resultant concentration) quercetin in the 10.0 mL of the supporting electrolyte.   

According to previous literature, the number of electrons involved in oxidation process is 

depending on the solvent (Sokolova et al., 2012). There are two conditions where quercetin can 

be oxidised; in either two electrons or one electron oxidation. Most of the oxidation processes 

happened on the ring B as shown in Figure 4 (Abdel-Hamid et al., 2012). Sokolova et al. (2012) 

that a two-electron oxidation of quercetin was observed in acidic solution while a one-electron 

occured in both aqueous and non-aqueous solution. Oliveira and Mariana‐Emilia (2003) reported 

that the backbone chemical structure in quercetin, catechol 3′,4′-dihydroxyl electron-donating 

groups oxidised at very low positive potential first, followed by hydroxyl group. The reported 

mechanism was complementing to the results reported in Figure 16. As there are two oxidation 

peaks observed, as shown in Figure 16, our results are consistent to the previous literature. In 

addition, a pH meter had been used to further justify the theory stated by the previous literature 

(Sokolova et al., 2012) where the tested pH value was 6.8.  

 

 

Scheme 1 Half-cell equation of quercetin (oxidation). 
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Figure 17 Cyclic voltammogram of 1.0 mM quercetin in 0.1 M PBS-ethanol (1:1 v/v) at 

scan rate of 100 mV/s. 
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5.2.3. Square Wave Voltammetry (SWV) of Quercetin 

Figure 18 shows a square wave voltammogram of 1.0 mM quercetin at 15 Hz (scan rate). Two 

oxidation peaks were observed at 160 mV (Epa I) and 608 mV (Epa II) (Figure 18). Their peak 

current was measured to be 612 μA (Ipa I) and 0.76 μA (Ipa II), respectively. As compared to the 

CV results, SWV exhibited higher sensitivity with lower potential value and higher current peak 

value as observed in the voltammogram. Therefore, SWV was chosen as the main 

electrochemical technique in detecting the presence of the quercetin. 

 

Figure 18 Square wave voltammogram of quercetin in 0.1 M PBS-ethanol (1:1 v/v) at 

scan rate of 15 Hz. 
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5.3. Rutin 

5.3.1. Cyclic Voltammetry of Rutin 

The electrochemical behaviour of rutin was studied in this work. At first, a few supporting 

electrolytes were tested. They were 0.1 M potassium chloride (KCl), 0.1 M potassium hydrogen 

0.1 M orthophosphate (KH2PO4), 0.1 M potassium hydroxide (KOH), 0.1 M phosphate-buffered 

saline (PBS), and ethanol. Unfortunately, all the isolated supporting electrolytes were not good 

enough to showcase rutin electrochemically. Among the tested supporting electrolytes, the best 

supporting electrolyte is mixture 0.1 M PBS with ethanol in 1 to 1 ratio in volume. 

Rutin exhibited one oxidation and one reduction process as shown in Figure 19. According to Eq 

4, intensity of the peak is directly proportional to concentration of an analyte. Rutin oxidized at 

318 mV while reduced at 268 mV with current peaks (Ip) of 3.8 µA and 1.70 µA, respectively. 

The oxidation of rutin was corresponded to the oxidation of the 3’,4’-dihydroxy substituent on 

the ring-B of rutin (Mariana-Emilia and Oliveira, 2005). Rutin has reversible redox reaction 

where the difference of the potential peak (∆Ep) is around 50 mV (∆Ep> 54 is quasi-reversible 

and ∆Ep< 54 is reversible process). There are 2 types of reversibility; fully reversible and quasi-

reversible process. It is fully reversible if the ratio of current between oxidation and reduction is 

equal to 1. Conversely, it is quasi-reversible process if the ratio of current between oxidation and 

reduction is less than 1. Therefore, rutin has quasi-reversible redox reaction. 

 

Figure 19 Cyclic voltammetry of 1 mM rutin in 0.1 M PBS with ethanol (1:1 v/v) at 

scan rate of 100 mV/s.  
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5.3.2. Multiple Cycling Studies of Rutin 

Other than using CV to determine the reversibility of an analyte, CV can be used to determine 

the stability of a compound by using multiple scan rate technique. A total of 9 cycles of the 

redox reactions was conducted on rutin in 0.1 M PBS with ethanol (1:1 v/v) at scan rate of 100 

mV/s. According to Figure 20, the redox reaction of rutin was not 100% reversible. It can be 

seen in Figure 20, the oxidation peak of rutin did not overlap on each other in each cycle. 

Furthermore, the current peak values given in CV also proved that the reversible rate was not 

100% where the ratio of Ipa towards Ipc was not equal to 1. Besides that, the recovery rate of 

rutin was around 44% in one cycle or redox reaction. Therefore, reversibility of rutin in redox 

reaction was low. 

 

Figure 20 Multiple cycle studies of rutin in 0.1 M PBS with ethanol (1:1 v/v) in scan 

rate 100 mV/s. 
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5.3.3. Square Wave Voltammetry of Rutin 

A concern in the redox reaction of an antioxidant is its oxidation potential. In general, a lower 

oxidation potential indicates the ease of oxidation of a particular antioxidant. Hence, 

electrochemical technique such as square wave voltammetry (SWV) was chosen as the main 

technique since SWV has higher and better sensitivity as compared to CV, as illustrated in 

Figure 21 (intensity = 8.08 µA) in comparison to Figure 19 (intensity = 3.80 µA) in which we 

observed higher intensity in current in SWV. As mentioned before, concentration of an analyte is 

directly proportional to current intensity. By using the same concentration of rutin and the same 

conditions on both CV and SWV technique modes, the generated current peak in SWV was 

higher than in CV. Thus, sensitivity can be explained in terms of the intensity of current peak 

generated on the same condition between two technique modes. In cases of an analyte can be 

oxidised on a lower potential value, it means that the analyte can easily release electron or 

oxidise. If an analyte was easily oxidised, it indicates that the analyte was ionised faster where 

more ions will be produced in the same amount of time. As a result, current peak of an analyte 

will be increased. 

 

Figure 21 Square wave voltammogram of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 

15 Hz. 
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5.4. Chemically Modified Electrodes (CMEs) 

All the tested antioxidants (gallic acid, quercetin, and rutin) were characterised using the CV and 

SWV. With the optimized supporting electrolyte (medium), mixture of 0.1 M phosphate-

buffered saline (PBS) and ethanol (1:1 v/v), all the antioxidants exhibited oxidation peak(s) in 

CV and SWV. Gallic acid and quercetin had two oxidation peaks respectively while rutin had 

only one oxidation peak. Besides that, antioxidant properties can be shown in oxidation peak or 

oxidation process but not in reduction process. Therefore, SWV was chosen as the main 

electrochemical technique in detecting the presence of the antioxidants in this study. 

Section 5.4.1 shows the application of modified electrodes to the oxidation of gallic acid, 

quercetin and rutin. Among all the test modified electrodes, FTO was the best modified electrode 

on detection of gallic acid, while a bismuth(III) oxide-modified GCE was the best for quercetin. 

However, none of the modified electrodes was found to be suitable for the detection of rutin. 

Nanoscience has been rapidly developed and applied to the construction of novel 

electrochemical sensors because of their excellent electrical conductivity, large surface area and 

good biocompatibility. Similarly, owing to the microcrystalline structure, the nanomaterial, 

Bi2O3, can offer a large surface area, electrochemical stability, thermo-chemical stability (Deepi 

et al., 2018), pseudocapacitive behaviour, and catalysis behaviour, making it a significant 

contribution to the advancement of electrochemistry (Zidan et al., 2011) and supercapacitor 

technology (Gujar et al., 2006). Zuo et al. (2016) reported that Bi2O3 electrode exhibited 

reversible redox reaction in a list of cationic (Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+ Al3+) salts, 

which made it a versatile electrode material in developing new types of aqueous rechargeable 

batteries.Thus, different type of bismuth complexes was used as GCE modifier on detection of 

the antioxidants as shown from section 5.4.2 to section 5.4.7.  
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5.4.1. Modified electrodes 

In this project, we used a number of modifiers on a GCE including bismuth(III) coordination 

compounds and multiwall carbon nanotubes. Bismuth(III) coordination compounds have been 

used vastly in different applications. For examples, as a photocatalyst (Bagheri et al., 2018, 

Zhang et al., 2018, Raza et al., 2018), as an electrocatalyst (Su et al., 2018), as a potential homo- 

and heterometallic precursor (Mehring, 2007), an electrochemical sensor (Mahmoud et al., 

2017), as an immunosensor (Solanki et al., 2017), and etc. On the other hand, multiwall carbon 

nanotubes have been used in various applications, for instance, biomaterial coordination 

(Gutiérrez-Hernández et al., 2017), as a composites (Sun et al., 2017, Mustafa et al., 2017, 

Heeley et al., 2017), used in polymer blend (Roman et al., 2017, Cipiriano et al., 2017), used in 

pulmonary studies (Duke et al., 2017, Mandler et al., 2017), used in hybrid cell (Lee et al., 

2017), in phytotoxicity studies (Song et al., 2017), as an adsorbent (Enayatpour et al., 2017), and 

etc. As mentioned before, bismuth(III) coordination compounds and multiwall carbon nanotubes 

had been vastly applied into different fields, and yet application as electrochemical sensors were 

lacking. Therefore, we had selected a few bismuth(III) coordination compounds and multiwall 

carbon nanotubes as the modifier in this project. 

Indium tin oxide (ITO) has been used in a wide range of applications such as liquid crystal flat 

panel display and solar cell devices because ITO films have shown good efficiency for hole 

injection into organic materials; apart from their widespread application as the anode contact for 

organic light-emitting diodes (Kim et al., 1999). The electrochemical activity of fluorine doped 

tin oxide (FTO) electrodes can be explained by the generation of a negatively charged surface 

provided by fluorine ions occupying interstitial space within tin oxide crystal lattice that would 

facilitate positive species and electrode surface interaction (Armijo et al., 2010; Miranda et al., 

2012; Rojas et al., 2011). FTO has large surface area and electrical conductivity, good 

electrocatalytic properties, mechanical stability, high selectivity, availability, low cost and tend 

to be harmless (Miranda et al., 2012). Although both ITO and FTO are not modifier to GCE, 

they were used in this research to study the presence of the studied antioxidants (whether they 

will be having better results as compared to the studied modifiers).  

CMEs were prepared by transferring the solid reagents, such as multiwall carbon nanotubes 

(MWCNTs), bismuth(III) oxide (Bi2O3), bismuth(III) tungstate (Bi2WO6) and bismuth 

oxybromide (BiOBr), to the GCE surface using a mechanical attachment technique. Mechanical 
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attachment technique is based on the mechanical immobilization of solid particles at the surface 

of carbon or metal electrodes in the absence of binders, which in turn widens the possibility of 

solid-state electroanalysis due to its broad applicability (Janeiro and Brett, 2005).The material 

was placed on a coarse grade filter paper. A clean GCE was then pressed onto the solid in order 

to adsorb the solid compound onto the surface of electrode. Finally, the modified GCE was 

cleaned after the measurement by physical removal of the coat or film, followed by polishing 

with 0.5 μm alumina slurry and ultrasonic cleaning for 1 minute.  

The LoD is referring to the lowest concentration of an analyte that can be reliably detected by an 

analytical procedure but not necessarily quantitated as an exact value (Armbruster and Pry, 

2008). The LoD of the antioxidants were estimated based on the standard deviation of the 

response and the slope of a linear calibration plot. It was expressed as three times the standard 

deviation of low concentration/slope of the calibration plot. 

The three studied antioxidants (gallic acid, quercetin and rutin) were mixed and dissolved in a 

supporting electrolyte of 0.1 M PBS mixed with ethanol (1:1 v/v). The corresponding square 

wave voltammogram is depicted in Figure 22, which shows only two oxidation peaks. 

 

Figure 22 Square wave voltammogram of antioxidants combination (gallic acid + 

quercertin + rutin) in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Evidently, the individual oxidation peaks of gallic acid, quercetin, and rutin were not resolved 

using the current parameters and protocols. Therefore, individual detection system had been 

designed to identify the current and potential of each antioxidant. Based on CMEs, this study is 

to develop a suitable electrochemical sensor for each antioxidant, through the increment on the 

intensity of the peak current . Several CMEs including MWCNT-modified GCE, Bi2O3-modified 

GCE, ITO and FTO were tested. A summary on the different electrodes with respect to different 

antioxidants are as shown in the following table (Table 1). 

 

Table 1 Electrochemical sensor results on each antioxidant. 

Electrode Gallic Acid Quercetin Rutin 

GCE ✓ ✓ ✓ 

GCE + MWCNTs X 
✓ 

(high capacitance) 
X 

GCE + Bi2O3 X 
✓ 

(weaker than MWCNTs) 
X 

ITO 
✓ 

(weaker than FTO) 
X X 

FTO ✓ X X 

Legend: X - not suitable ✓- suitable 

 

 

First of all, all the details of the CV results obtained in the detection of the gallic acid using 

different working electrodes are tabulated in Table 2. Selection of best CME is based on the 

highest increment in peak current, minimum shift in peak potential, and with a low capacitance 

in value. Among all those tested working electrodes, ITO was the best working electrode in 

detection of the presence of the gallic acid. Although only one oxidation peak was observed 

when using ITO as the working electrode, it showed that the oxidation peak of the gallic acid 

increased about 17.4 times in current peak as compared to GCE. The LoD of this ITO electrode 

on gallic acid was 2.61 nM and calculated using a calibration graph as shown in Figure 23. 
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Table 2 Details of cyclic voltammograms of gallic acid at different working electrodes. 

Working Electrodes 
Potential Peak (mV) Current Peak (µA) 

Peak 1 Peak 2 Peak 1 Peak 2 

GCE 429 671 28.6 1.00 

GCE + MWCNTs 318 781 14.4 9.40 

GCE + Bi2O3 536 772 13.6 2.10 

ITO 992 - 497.1 - 

FTO 768 - 49.2 - 

 

 

 
Figure 23 Calibration graph of gallic acid on FTO. 

 

On the other hand, the best tested working electrode for detecting quercetin is a Bi2O3-modified 

GCE because of the highest peak current obtained compared to other electrodes, as shown in 

Table 3. Although GCE modified with MWCNTs showed quite a significant value in current 

peak, it also showed high capacitance (areas under the graph), therefore it was still classified as a 

weaker working electrode as compared to GCE modified with Bi2O3. Higher capacitance at a 

working electrode will mask the possible detection of the analyte(s) under its graph area. The 

LoD of this GCE modified with Bi2O3 electrode on quercetin was 3.64 nM and calculated using 

a calibration graph as shown in Figure 24. 
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Table 3 Details of cyclic voltammograms of quercetin at different working electrodes. 

Working Electrodes 
Potential Peak (mV) Current Peak (µA) 

Peak 1 Peak 2 Peak 1 Peak 2 

GCE 160 608 6.12 0.76 

GCE + MWCNTs 168 - 7.20 - 

GCE + Bi2O3 100 568 8.30 0.78 

ITO 120 - 0.80 - 

FTO -456 396 0.50 0.50 

 

 

Figure 24 Calibration graph of quercetin at GCE modified with Bi2O3. 

Besides that, currently none of the modified electrodes is better than GCE for the detection rutin 

(as shown in Table 4). There was only one oxidation peak (for rutin) observed at a GCE, GCE 

modified with MWCNTs, and GCE modified with Bi2O3. Rutin is undetectable when using ITO 

as the working electrode while FTO (another working electrode) detected three oxidation peaks 

for rutin. Rutin was electro-inactive while using ITO as working electrode. FTO is a modified 

form of ITO electrode, where fluorine was doped on the surface of ITO. At the presence of 

fluorine, rutin was able to become electroc-active and was oxidised. Each oxidation peak 

represented an oxidation state or number for rutin. 
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Table 4 Details of cyclic voltammograms of rutin at different working electrodes. 

Working Electrodes 
Potential Peak (mV) Current Peak (µA) 

Peak 1 Peak 2 Peak 3 Peak 1 Peak 2 Peak 3 

GCE 272 - - 7.69 - - 

GCE + MWCNTs 248 - - 3.94 - - 

GCE + Bi2O3 232 - - 8.05 - - 

ITO - - - - - 
 

FTO -448 352 844 0.10 0.10 1.20 

 

5.4.2. Bismuth tungstate (Bi2WO6) – Pristine (N) 

Since Bi2O3 exhibited remarkable results as a modifier on a GCE, a new batch of bismuth 

coordination compounds was introduced in this project to explore the potential use of bismuth 

compounds in enhancing the electrochemical detection of the studied antioxidants. Two bismuth 

coordination compounds were tested, including bismuth tungstate (Bi2WO6) and bismuth 

oxybromide (BiOBr). Both bismuth coordination compounds were synthesized and characterized 

by another research group from School of Engineering, Monash University Malaysia.  

Figure 25 shows that Bi2WO6 did not increase the intensity (or peak current) of gallic acid. In the 

presence of gallic acid (Figure 25(d)), the bismuth oxidation peak increased by 2.8 times 

compared to the voltammogram obtained in the absence of gallic acid (Figure 25(c)). According 

to Figure 25(a), oxidation peak was not observed in the absence of gallic acid. After Bi2WO6 was 

coated onto the GCE and with absence of gallic acid in the system, only one oxidation peak was 

observed, as shown in Figure 25(c). Other than that, no oxidation peak was present in the 

negative region when gallic acid was introduced into the system where GCE was the working 

electrode. Therefore, the oxidation peak observed in Figure 25(c) was meant to be bismuth(III) 

ion as there was no other metal to be presence in the system. Therefore, GCE modified with 

Bi2WO6 did not work effectively in detection of gallic acid.   

In the presence of gallic acid, bismuth oxidation peak increased but this phenomenon did not 

happen in the presence of quercetin and rutin. Bismuth oxidation peak was omitted when 

quercetin and rutin was introduced into the respective system. Therefore, a hypothesis had been 

made where GCE modified with gallic acid might be able to become a better working electrode 

as compared to GCE in detecting the presence of bismuth ion. In this research, bismuth ion 
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oxidation peak was absent in voltammogram when Bi2O3 was used as modifier onto GCE, 

whereas a bismuth ion oxidation peak was observed when GCE was modified with Bi2WO6-N. 

For the bismuth ion oxidation peak to be observed in voltammogram, the bismuth ion have to 

diffuse out from its chemical structure to become free ion, followed by oxidation of the free ion 

which give rise to current peak observed in voltammogram. In this case, the bonds shared 

between bismuth ion and oxide ion in Bi2O3 and the bonds between bismuth ion and tungstate 

ion in Bi2WO6-N are different in strength, in which the linkage within Bi2WO6-N is weaker than 

linkage within Bi2O3. As a result, the bismuth ions can be easily diffused out of the structure of 

Bi2WO6-N, contributing to the bismuth ion oxidation peak as observed.  

Other than that, there was no increment in current peak when detecting the presence of quercetin 

(Figure 25) and rutin (Figure 27) respectively using GCE modified with Bi2WO6 as working 

electrode. Therefore, Bi2WO6-N was not capable of detecting the presence of the selected 

antioxidants. 

 

Figure 25 Square wave voltammogram of gallic acid in GCE modified with Bi2WO6-

pristine; (a) at bare GCE without gallic acid, (b) at bare GCE in the presence of gallic 

acid, (c) at GCE modified with Bi2WO6 without gallic acid, and (d) at GCE modified 

with Bi2WO6 in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Meanwhile, the oxidation peaks of quercetin at a GCE (Figure 25 (b)) and a Bi2WO6-modified 

GCE ( Figure 25(d)) were compared,  where suppression of 45.5 % (Ipa I) and 47.7 % (Ipa II) 

were observed. The current peaks of quercetin were 12.14 µA (Ipa I) and 2.00 µA (Ipa II) at 

GCE while the current peaks were reduced to 6.62 µA (Ipa I) and 1.05 µA (Ipa II), respectively. 

Apart from suppressing the current peaks of quercetin, Bi2WO3-N was also capable of omitting 

the bismuth oxidation peak, as shown in the following voltammogram (Figure 26) after Bi2WO3-

N was used to detect the presence of quercetin. The same pattern was observed in Figure 27 

where rutin oxidation peak was suppressed and bismuth oxidation peak also was inhibited after 

modified electrode was introduced into the system. The overall purpose of this part was to 

differentiate the oxidation peak of antioxidant at GCE and at CMEs. In this case, the CME was 

prepared by doping the solid of the modifier without any adhesive onto the surface of GCE. 

Therefore, this modified electrode was not suitable in detection presence of quercetin and rutin. 

Gallic acid had higher affinity towards to the ligand in Bi2WO6-N in which bismuth(III) ion was 

oxidised. 

 

Figure 26 Square wave voltammogram of quercetin in GCE modified with Bi2WO6-

pristine; (a) at bare GCE without quercetin, (b) at bare GCE in the presence of 

quercetin, (c) at GCE modified with Bi2WO6-pristine without quercetin, and (d) at 

GCE modified with Bi2WO6-pristine in the presence of quercetin in 0.1 M PBS with 

ethanol (1:1 v/v) at 15 Hz. 
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Figure 27 Square wave voltammogram of rutin in GCE modified with Bi2WO6-

pristine; (a) at bare GCE without rutin, (b) at bare GCE in the presence of rutin, (c) at 

GCE modified with Bi2WO6-pristine without rutin, and (d) at GCE modified with 

Bi2WO6-pristine in the presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.4.3. Bismuth tungstate (Bi2WO6) – Oxygen Vacancy (OV) 

Figure 28Error! Reference source not found. shows an overlay of multiple square wave 

voltammograms of rutin at different working electrodes. The oxidation of bismuth was observed 

in Error! Reference source not found.. The oxidation peak of rutin was suppressed at GCE 

modified with Bi2WO6-oxygen vacancy as compared to only GCE. Same pattern was observed 

after adding of gallic acid and quercetin into the system as shown in Error! Reference source 

not found. Figure 29 and Figure 30, respectively. Besides that, gallic acid (Figure 30) also 

helped in increasing current peak of bismuth (III) ion as mentioned in section 5.4.2. Since all the 

targeted antioxidant peaks were reduced, then this modified electrode was not appropriate as a 

working electrode.  

 

Figure 28 Square wave voltammogram of rutin in GCE modified with Bi2WO6-oxygen 

vacancy; (a) at bare GCE without rutin, (b) at bare GCE in the presence of rutin, (c) at 

GCE modified with Bi2WO6 without rutin, and (d) at GCE modified with Bi2WO6 in 

the presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 29 Square wave voltammogram of quercetin in GCE modified with Bi2WO6-

oxygen vacancy; (a) at bare GCE without quercetin, (b) at bare GCE in the presence of 

rutin, (c) at GCE modified with Bi2WO6 without quercetin, and (d) at GCE modified 

with Bi2WO6 in the presence of quercetin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 30 Square wave voltammogram of gallic acid in GCE modified with Bi2WO6-

oxygen vacancy; (a) at bare GCE without gallic acid, (b) at bare GCE in the presence 

of rutin, (c) at GCE modified with Bi2WO6 without gallic acid, and (d) at GCE 

modified with Bi2WO6 in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 v/v) 

at 15 Hz.  
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5.4.4. Bismuth tungstate (Bi2WO6) – Ultrathin (UT) 

The pattern and explanation of the square wave voltammogram in Figure 31 were the same as in 

the Bi2WO6-(N). Gallic acid also helped in increasing the current peak of bismuth ion in 

Bi2WO6-(UT). Therefore, gallic acid might be able to help in detection of the presence of 

bismuth’s peak in terms of electrochemistry. Unfortunately, quercetin and rutin showed negative 

findings when GCE modified with Bi2WO6-(UT) was used in both antioxidants respectively. 

Suppression in current peaks were observed in Figure 32 (for quercetin) while current peak of 

rutin was maintained when using GCE modified with Bi2WO6-(UT) as working electrodes as 

shown in Figure 33 (for rutin). Thus, ultrathin bismuth tungstate was not a suitable detector in 

detecting the presence of quercetin (Figure 32) and rutin (Figure 33) respectively. In Bi2WO6-

(UT), gallic acid was not the only one that helped in increased the current peak of bismuth (III) 

ion but quercetin and rutin also increased it too. All three antioxidants had higher affinity 

towards ligand in Bi2WO6-(UT). That is why bismuth’s current peak was increased after addition 

of those three antioxidants into the same system. A hypothesis can be made in which Bi2WO6-

(UT) had the weakest linkage or strength among itself as compared to other tested bismuth 

tungstate. 
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Figure 31 Square wave voltammogram of gallic acid in GCE modified with Bi2WO6-

UT; (a) at bare GCE without gallic acid, (b) at bare GCE in the presence of gallic acid, 

(c) at GCE modified with Bi2WO6-UT without gallic acid, and (d) at GCE modified 

with Bi2WO6-UT in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 v/v) at 15 

Hz. 
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Figure 32 Square wave voltammogram of quercetin in GCE modified with Bi2WO6-

UT; (a) at bare GCE without quercetin, (b) at bare GCE in the presence of quercetin, 

(c) at GCE modified with Bi2WO6-UT without quercetin, and (d) at GCE modified 

with Bi2WO6-UT in the presence of quercetin in 0.1 M PBS with ethanol (1:1 v/v) at 15 

Hz. 
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Figure 33 Square wave voltammogram of rutin in GCE modified with Bi2WO6-UT; (a) 

at bare GCE without rutin, (b) at bare GCE in the presence of rutin, (c) at GCE 

modified with Bi2WO6-UT without rutin, and (d) at GCE modified with Bi2WO6-UT in 

the presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.4.5. Bismuth Oxybromide (BiOBr) – Oxygen Vacancy (OV) 

Figure 34Error! Reference source not found. shows a square wave voltammogram of 1 mM 

gallic acid at a BiOBr-OV-modified GCE in mixture of 0.1 M PBS and ethanol solution. About 

37.1 % suppression in current peak after GCE had been modified (Figure 34Error! Reference 

source not found.). Hence, GCE modified with BiOBr-OV was a better working electrode as 

compared to GCE modified with Bi2O3. Nevertheless, GCE modified with BiOBr-OV was able 

to increase the current peak quercetin, around 64.1 % increment as compared to GCE as shown 

in Figure 35. Compression in current peak (1.1 %) was observed in the presence of rutin (Figure 

36) when using GCE modified with BiOBr-OV. In short, BiOBr-OV was not capable in 

detecting the presence of gallic acid and rutin. 

 

Figure 34 Square wave voltammogram of gallic acid in GCE modified with BiOBr-

Oxygen Vacancy; (a) at bare GCE in the presence of gallic acid and (b) at GCE 

modified with BiOBr-OV in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 

v/v) at 15 Hz. 

 

 

(a) 

(b) 

(b) 

(a) 
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Figure 35 Square wave voltammogram of quercetin in GCE modified with BiOBr-

Oxygen Vacancy; (a) at bare GCE in the presence of quercetin and (b) at GCE 

modified with BiOBr-OV in the presence of quercetin in 0.1 M PBS with ethanol (1:1 

v/v) at 15 Hz. 
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Figure 36 Square wave voltammogram of rutin in GCE modified with BiOBr-Oxygen 

Vacancy; (a) at bare GCE in the presence of rutin and (b) at GCE modified with 

BiOBr-OV in the presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.4.6. Bismuth Oxybromide (BiOBr) – Pristine (N) 

The following figure showed that current peak was compressed when using the modified 

electrode (Figure 37) after addition of quercetin. About 59.8 % compression rate was observed in 

current peak. Therefore, this was not a good working electrode as compared to GCE. Apart from 

that, the other antioxidants (gallic acid and rutin) had the same pattern as shown in Figure 38 and 

Figure 39. So, pristine bismuth oxybromide also was not suitable in detecting the presence of the 

designated antioxidants.  

 

Figure 37 Square wave voltammogram of quercetin in GCE modified with BiOBr-N; 

(a) at bare GCE in the presence of quercetin and (b) at GCE modified with BiOBr-N in 

the presence of quercetin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 38 Square wave voltammogram of gallic acid in GCE modified with BiOBr-N; 

(a) at bare GCE in the presence of gallic acid and (b) at GCE modified with BiOBr-N 

in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 39 Square wave voltammogram of rutin in GCE modified with BiOBr-N; (a) at 

bare GCE in the presence of rutin and (b) at GCE modified with BiOBr-N in the 

presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.4.7. Bismuth Oxybromide (BiOBr) – Bismuth and Oxygen In Excess (Bi&O 

excess) 

For the last modified electrode, GCE modified with BiOBr-Bi&O electrode had increased the 

current peak of quercetin (Figure 40). About 16.1 % compression in current peak for quercetin 

was observed in Figure 40. An extra oxidation peak had been observed in the negative region for 

both gallic acid (Figure 41) and rutin (Figure 42). Hence, further test will be done on rutin and 

gallic acid. 

 

 

Figure 40 Square wave voltammogram of quercetin in GCE modified with BiOBr-

Bi&O excess; (a) at bare GCE in the presence of quercetin and (b) at GCE modified 

with BiOBr-Bi&O in the presence of quercetin in 0.1 M PBS with ethanol (1:1 v/v) at 

15 Hz. 
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Figure 41 Square wave voltammogram of gallic acid in GCE modified with BiOBr-

Bi&O excess; (a) at bare GCE in the presence of gallic acid and (b) at GCE modified 

with BiOBr-Bi&O excess in the presence of gallic acid in 0.1 M PBS with ethanol (1:1 

v/v) at 15 Hz. 
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Figure 42 Square wave voltammogram of rutin in GCE modified with BiOBr-Bi&O 

excess; (a) at bare GCE in the presence of rutin and (b) at GCE modified with BiOBr-

Bi&O in the presence of rutin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  



Page | 60 

 

5.4.8. Summary Results of CMEs 

The overall results of CMEs are summarised in Table 5. Only BiOBr-oxygen vacancy and 

pristine exhibited positive results, where about 176 % and 215 % increment in current peak in 

detection of gallic acid and quercetin respectively. On the other hand, bismuth ion current peak 

was increased when gallic acid was introduced into the system. According to the generated 

voltammograms from section 5.4.2 to 5.4.7, gallic acid might be able to become the material in 

modification of electrode in detecting the presence of bismuth ion as the target ion. Although 

there was an increment in oxidation current peak, and yet bismuth tungstate and bismuth 

oxybromide were not be chosen in such a study because a bismuth oxidation peak was observed 

in the voltammogram. Furthermore, this bismuth oxidation peak might hinder the actual 

antioxidant peak in the application studies. 

Therefore, the best modified electrode for detection of gallic acid was FTO while the best 

detection for quercetin was GCE modified with Bi2O3. There was absence of better modified 

electrode for detection of rutin as shown Table 5. 
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Table 5 Summary of the chemical modified electrodes 

Chemically Modified  

Electrode (CME) 
Gallic Acid Quercetin Rutin 

GCE ✓ ✓ ✓ 

GCE + MWCNTs X 
✓ 

high capacitance 
X 

GCE + Bi2O3 X 

✓ 

weaker than 

MWCNTs 

X 

ITO 
✓ 

weaker than FTO 
X X 

FTO ✓ X X 

Bi2WO6 

Pristine 

X 

X X Enhanced 

bismuth peak 

Oxygen  

Vacancy 

X 

X 

X 

Enhanced 

bismuth peak 

Inhibited oxidation 

of bismuth 

Ultrathin 

X 

X X Enhanced 

bismuth peak 

BiOBr 

Oxygen  

Vacancy 

✓ ✓ 

X 176 % increment 

in current 

215 % increment 

in current 

Pristine X X X 

Bi and O  

excess 
X X X 
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5.5. Application Studies 

5.5.1. Electrochemical Analysis 

In this section, all the supplements with oxidation peak(s) will be subjected to further test by 

developed CME if and only if antioxidant peak was observed. Further test was carried out by 

using either an FTO (detector for gallic acid) or a Bi2O3-modified GCE (detector for quercetin) 

in order to identify the presence of gallic acid or quercetin. As mentioned before, the studied 

antioxidant has its own potential range to be oxidised. If the targeted antioxidant is present, the 

antioxidant current peak(s) (the intensity) in the supplement as shown in the voltammogram will 

be increased. Thus, further test will be performed only if there was an oxidation peak observed 

and it must be on the same studied potential range as the targeted antioxidant. Unfortunately, 

supplements containing vitamin C were not included in further test as vitamin C is oxidised in 

the same potential window as that for the targeted antioxidants. As a result, vitamin C’s 

oxidation peak had the possibility for hindering the antioxidant’s oxidation peak to be seen in the 

voltammogram. 

5.5.1.1. Herbs of Gold – Black seed with Garlic 

Figure 43 shows SWV of Black Seed with Garlic in 0.1 M PBS with ethanol. There was no 

antioxidant peak observed at the studied antioxidants potential range (the positive value in 

potential range).  Thus, no further test will be done on this supplement. 
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Figure 43 Square wave voltammogram of Black Seed with Garlicin (a) GCE and (b) 

GCE with Black Seed and Garlic in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 

  



Page | 64 

 

5.5.1.2. Herbs of Gold – Grape Seed 15000 

Grape seed and its skin have good source of gallic acid, catechin and epitachein (Yilmaz and 

Toledo, 2004). An antioxidant peak was observed as shown in Figure 44. The potential peak was 

184 mV with intensity of 0.211 µA. As compared to all the studied antioxidants, the expected 

antioxidant was gallic acid. Thus, modified electrode was needed to further prove the content of 

the antioxidant in grape seed. Previous sections showed that ITO and FTO were better working 

electrodes than GCE. The presence of gallic acid was proven in Grape Seed 15000 since there 

was an increment in intensity when FTO was the working electrode as shown in Figure 45Error! 

Reference source not found.. Other than that, there was also presence of quercetin in this 

supplement where the intensity of the SWV of Grape Seed 15000 increased when GCE was 

modified with Bi2O3 as shown in Figure 46Error! Reference source not found.. Therefore, 

there were two antioxidants (gallic acid and quercetin, corresponded to 14.7 mg, 4.77mg, 

respectively) that contained in the Grape Seed 15000 manufactured by Herbs of Gold. 

 

Figure 44 Square wave voltammogram of Grape Seed 15000 in (a) GCE and (b) GCE 

with Grape Seed 15000 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 45 Square wave voltammogram of Grape Seed 15000 in (a) bare GCE and (b) 

FTO in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 46 Square wave voltammogram of Grape Seed 15000 in (a) bare GCE and (b) 

GCE modified with Bi2O3 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.3. Himalaya – Arjuna 

The Arjuna’s SWV was shown in Figure 47(a). There was an antioxidant peak observed in the 

following results. Modified electrodes have been tested on the Arjuna. Electrochemical analysis 

using glassy carbon electrode modified with bismuth oxide showed positive results (Figure 47), 

where increment in oxidation peak was observed. Therefore, quercetin (corresponded to 90.5mg) 

was present in Arjuna manufactured by Himalaya.  

 

Figure 47 Square wave voltammogram of Arjuna in (a) GCE and (b) GCE modified 

with Bi2O3 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 48 shows the voltammogram obtained at a GCE and an FTO electrode in the presence of 

Arjuna. GCE had detected the presence of antioxidant(s) as shown in Figure 48(a) but there was 

absence of antioxidant peak when FTO as working electrode Figure 48(b). Therefore, gallic acid 

was not present in Arjuna manufactured by Himalaya. 

 

Figure 48 Square wave voltammogram of Arjuna in (a) GCE and (b) FTO in 0.1 M 

PBS with ethanol (1:1 v/v) at 15 Hz.   
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5.5.1.4. Himalaya – Amalaki 

Amalaki showed two oxidation peaks in Figure 49. In order to reassure the content of the 

antioxidant in Amalaki, modified electrode was needed. FTO and ITO had been tested on the 

amalaki. The results showed that both FTO (Figure 50) and ITO (Figure 51) increased in 

intensity and it was proven that Amalaki contained gallic acid (corresponded to  20.2 mg) when 

the current peak of the antioxidant was increased. 

 

 

Figure 49 Square wave voltammogram of Amalaki in (a) GCE and (b) GCE with 

Amalaki in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 50 Square wave voltammogram of Amalaki in (a) bare GCE, (b) bare GCE with 

Amalaki, and (c) FTO with Amalaki in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 51 Square wave voltammogram of Amalaki in (a) bare GCE, (b) bare GCE with 

Amalaki, and (c) ITO with Amalaki in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.5. Himalaya – Mandukaparni 

No oxidation peak can be observed in Figure 52. Thus, no further test will be done on this 

particular supplement. 

 

Figure 52 Square wave voltammogram of Mandukaparni in (a) GCE and (b) GCE 

with Mandukaparni in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.5.1.6. Himalaya – Neem 

There were two oxidation peaks were observed in the following figure (Figure 53). FTO and 

GCE modified with Bi2O3 were used to study Neem, whereby only FTO showed increment in 

oxidation peak (Figure 54). Thus, Neem contained gallic acid and was detected 

electrochemically by using FTO as working electrode. This finding was not unexpected as there 

was a reported journal article which mentioned that Neem contained gallic acid (Upadhayay and 

Vigyan, 2014). 

 

Figure 53 Square wave voltammogram of Neem in (a) GCE and (b) GCE modified 

with Bi2O3 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 54 Square wave voltammogram of Neem in (a) GCE and (b) FTO in 0.1 M PBS 

with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.7. Himalaya – Triphala 

Triphala had two oxidation peaks as shown in Figure 55. FTO and ITO had detected the presence 

of gallic acid (corresponded to 14.2 mg) in Triphala manufactured by Himalaya as shown in 

Error! Reference source not found. Figure 56 and Figure 57, respectively.  

 

Figure 55 Square wave voltammogram of Triphala in (a) GCE and (b) GCE with 

Triphala in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 56 Square wave voltammogram of Triphala in (a) bare GCE, (b) bare GCE 

with Triphala, and (c) FTO with Triphala in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 57 Square wave voltammogram of Triphala in (a) bare GCE, (b) bare GCE 

with Triphala, and (c) ITO with Triphala in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.5.1.8. Kordel’s – Vitamin C Time 

A significant oxidation peak was observed in the Figure 58. The significant peak was confirmed 

to be vitamin C. Thus, no further test which will be done on this supplement. 

 

Figure 58 Square wave voltammogram of Vitamin C Time in (a) GCE and (b) GCE 

with Vitamin C Time in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.9. Kordel’s - Bilberry 

Two oxidation peaks were shown in Figure 59, where GCE was used as the working electrode. 

Electrochemical studies with modified electrodes showed that Bilberry contained gallic acid, 

which was verified by using FTO as working electrode (Figure 60). Oxidation peak increased 

after GCE was replaced by FTO as working electrode. Therefore, gallic acid (corresponded to 

8.4 mg) was detected in Bilberry. 

 

Figure 59 Square wave voltammogram of Bilberry in (a) GCE and (b) GCE modified 

with Bi2O3 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 60 Square wave voltammogram of Bilberry in (a) GCE and (b) FTO in 0.1 M 

PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.10. Kordel’s – Grape Seed 

There was one oxidation peak observed in Figure 61, where GCE was used as the working 

electrode. With regard to this, modified electrodes were utilized to study Kordel’s Grape Seed by 

using electrochemical technique. Both FTO (Figure 62) and GCE modified with bismuth 

electrode (Figure 61) have been applied as working electrodes in two independent experiments. 

As mentioned before, a study had revealed that Kordel’s Grape Seed contained both gallic acid 

and quercetin, which is in agreement with our results where oxidation peak was increased after 

modified electrodes were used.  

 

Figure 61 Square wave voltammogram of Kordel’s Grape Seed in (a) GCE and (b) 

GCE modified with Bi2O3 in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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Figure 62 Square wave voltammogram of Kordel’s Grape Seed in (a) GCE and (b) 

FTO in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.11. Mindatulus – Bromo-Q 

No oxidation peak was observed in the voltammogram (Figure 63). Although the content of this 

supplement mentioned that it contained quercetin, but there was no oxidation peak observed in 

Figure 63 by using electrochemical techniques.  Therefore, no further test was needed on Bromo-

Q. 

 

Figure 63 Square wave voltammogram of Bromo-Q in (a) GCE and (b) GCE with 

Bromo-Q in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.5.1.12. Solaray – CranActin (Cranberry) 

There was no oxidation peak observed in the following SWV (Figure 64). Hence, no further test 

is required on this particular supplement.  

 

Figure 64 Square wave voltammogram of CranActin in (a) GCE and (b) GCE with 

CranActin in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz.  
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5.5.1.13. Vitahealth – Grape Seed 

There was only one oxidation peaks observed in Figure 65. Regarding this, modified electrodes 

were then utilized to study Vitahealth’s Grape Seed by using electrochemical technique. Both 

FTO and GCE modified with Bi2O3 electrode have been applied as working electrodes in two 

independent experiments. As aforementioned, a study had shown that grape seed contained both 

gallic acid and quercetin, which is same in our case where oxidation peak was increased after 

modified electrodes were used. Therefore, gallic acid and quercetin were detected in Grape Seed 

manufactured by Vitahealth. 

 

 

Figure 65 Square wave voltammogram of Vitahealth’s Grape Seed in (a) GCE and (b) 

GCE with Vitahealth’s Grape Seed in 0.1 M PBS with ethanol (1:1 v/v) at 15 Hz. 
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5.5.1.14. Vitahealth – Bioflavonoids C 1000 Plus Zinc 

Similar to another vitamin C supplement result (Figure 58), the significant peak as shown in 

Figure 66 was vitamin C. Thus, no further test was needed for Bioflavonoids C 1000 Plus Zinc. 

 

Figure 66 Square wave voltammogram of Bioflavonoids C 1000 plus zinc in (a) 

background and (b) background with Bioflavonoids C 1000 plus zinc in 0.1 M PBS 

with ethanol (1:1 v/v) at 15 Hz. 

 

  



Page | 87 

 

5.5.1.15. Summary of the Application Studies Using Electrochemical Analysis 

The overall results of the application studies had been summarized in Table 6. Supplements 

containing vitamin C were not tested further because a vitamin C oxidation peak was observed in 

the same potential window as the antioxidant under investigation. All the grape seed extracts 

contain oxidation peak(s) and speculated to be gallic acid. Grape Seed 15000 manufactured by 

Herbs of Gold contained gallic acid and quercetin had been confirmed by using the desired 

modified electrodes, such as FTO and ITO for detection of gallic acid, and GCE modified with 

Bi2O3 for detection of quercetin. Other than that, Amalaki and Triphala manufactured by 

Himalaya contained gallic acid. Arjuna and Neem from Himalaya contain oxidation peak(s) with 

quercetin and gallic acid were identified, respectively. Bilberry contained gallic acid while Grape 

Seed extract from Kordel’s contained both gallic acid and quercetin, as detected by using 

electrochemical technique.  

Table 6 An overall results of the supplements studies. 

Manufacturer Supplements 
Detection of Antioxidant(s) 

✓ or X Remarks 

Herbs of Gold 
Black Seed With Garlic X No antioxidant 

Grape Seed 15000 ✓ Gallic acid and quercetin 

Himalaya 

Arjuna ✓ Quercetin 

Amalaki ✓ Gallic acid 

Mandukaparni X No antioxidant 

Neem ✓ Gallic acid 

Triphala ✓ Gallic acid 

Kordel's 

Vitamin C Time X Contains vitamin C 

Bilberry ✓ Gallic acid 

Grape Seed ✓ Gallic acid and quercetin 

Mindatulus Bromo-Q X No antioxidant 

Solaray CranActin (Cranberry) X No antioxidant 

Vitahealth 
Grape Seed ✓ Gallic acid and quercetin 

Bioflavonoids C 1000 Plus Zinc X Contains vitamin C 

Legends: = positive detection, X = negative detection  
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5.5.2. High Performance Liquid Chromatography Studies 

HPLC analysis was carried out to identify the presence of the studied antioxidants, including 

gallic acid and quercetin, in commercially available supplements used in this study. HPLC was 

performed by using HPLC grade methanol and water as the mobile phases. The HPLC analysis 

was started with 5 % methanol and increased gradually to 100 % methanol in 45 min, and then 

followed by 100 % methanol (isocratic) for 15 min. The elution profile was monitored at 210 

nm, background (as shown in Figure 67), gallic acid and quercetin (without any supplements) 

being detected at the retention time of 22.26 min (as shown in Figure 68) and 36.95 min (as 

shown in Figure 69), respectively.  

 

 

Figure 67 Elution profile of mobile phase (ethanol/water), gradient mode before 45 

minutes and isocratic after 45 minutes. 

 

 

 

Figure 68 Elution profile of gallic acid (0.5 mg/mL), gradient mode before 45 minutes 

and isocratic after 45 minutes. 

 

Gallic acid 

Solvent peaks 

Solvent peaks 
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Figure 69 Elution profile of quercetin (0.5 mg/mL), gradient mode before 45 minutes 

and isocratic after 45 minutes. 

 

  

Quercetin Solvent peaks 
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5.5.2.1. Kordel’s – Bilberry 

Elution profile of Kordel’s Bilberry was shown in Figure 72. Spiking addition method had been 

used onto Kordel’s Bilberry with addition of gallic acid. Gallic acid was eluted around 12 

minutes and had been identified as compared to the solvent HPLC analysis Figure 70(a).The 

elution time of pure gallic acid as shown in Figure 68 was different might be caused by synergy 

effect from other substances in the supplement. The final concentration in the HPLC vial was 

ranging from 0.15 mg to 2.5 mg in 2 mL of HPLC vial. Based on the calibration curve in Figure 

71, the weight of gallic acid contained in 500 mg of capsulated Kordel’s Bilberry was 

corresponded to 6.69 mg. 

 

 

Figure 70 Elution profile of Kordel’s Bilberry in a) Bilberry only and b) Bilberry with 

gallic acid by using spiking technique. 

a) 

b) 

Gallic acid 
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Figure 71 Standard addition curve of Kordel’s Bilberry for gallic acid obtained from 

HPLC analysis.  
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According to Figure 72, quercetin was detected and identified by using spiking addition method. 

The retention time of quercetin in Bilberry was at around 32.63 minutes. A series of spiking 

addition method had been used onto Bilberry. The final concentration in the HPLC vial was 

ranging from 0.15 mg to 2.5 mg in 2 mL of HPLC vial. A calibration curve was constructed as 

shown in Figure 73. Based on the calibration curve, the weight of quercetin contained in 50 mL 

of stock solution was corresponded to 3.07 mg. Therefore, there was about 3.07 mg of quercetin 

in each 500 mg of Kordel’s Bilberry capsule.  

 

 

 

Figure 72 Elution profile of Kordel’s Bilberry in a) Bilberry only and b) Bilberry with 

quercetin by using spiking technique. 

 

Figure 73 Standard addition curve of Kordel’s Bilberry for quercetin obtained from 

HPLC analysis. 
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5.5.2.2. Kordel’s – Grape Seed 

Gallic acid was eluted around 12 minutes (Figure 74) and had the same retention time as 

discussed in 0, in which consistency was observed. Spiking addition method was used on 

Kordel’s Grape Seed with addition of gallic acid. The final concentration in the HPLC vial was 

ranging from 0.15 mg to 2.5 mg in 2 mL of HPLC vial. The corresponded weight (calculation 

based on Figure 77) of gallic acid incapsulated Kordel’s Grape Seed was 6.79 mg.  

 

 

Figure 74 Elution profile of Kordel’s Grape Seed in a) Grape Seed only and b) Grape 

seed with gallic acid by using spiking technique. 

 

Figure 75 Standard addition curve of Kordel’s Grape Seed for gallic acid obtained 

from HPLC analysis. 
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Quercetin was added into the Kordel’s Grape Seed by using spiking addition method in HPLC 

analysis. Based on Figure 76, quercetin was identified and had retention time around 32 minutes. 

The final concentration in the HPLC vial was ranged from 0.15 mg to 2.5 mg in 2 mL of HPLC 

vial. In 500 mg of capsulated Kordel’s Grape Seed, there was around 3.50 mg of quercetin by 

using the calibration curve in Figure 77.  

 

 

Figure 76 Elution profile of Kordel’s Grape Seed in a) Grape Seed only and b) Grape 

Seed with quercetin by using spiking technique. 

 

 

Figure 77 Standard addition curve of Kordel’s Grape Seed for quercetin obtained 

from HPLC analysis. 
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5.5.2.3. Mindatulus – Bromo-Q 

Bromo-Q was subjected to HPLC analysis and the elution profile was shown in Figure 78. Based 

on the HPLC profile, gallic acid was not detected but quercetin can be detected in Bromo-Q. 

Quercetin was eluted around 32 minutes. The final concentration in the HPLC vial was ranging 

from 0.15 mg to 2.5 mg in 2 mL of HPLC vial. According to Figure 79, the weight of quercetin 

in Bromo-Q was about 3.49 mg. Furthermore, the mentioned weight of quercetin was 

corresponded to 500 mg of capsulated Bromo-Q manufactured by Mindatulus.  

 

 

Figure 78 Elution profile of Bromo-Q in a) Bromo-Q only and b) Bromo-Q with with 

quercetin by using spiking technique. 

 

Figure 79 Standard addition curve of Bromo-Q for quercetin obtained from HPLC 

analysis. 
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5.5.2.4. Vitahealth – Grape Seed 

Vitahealth’s Grape Seed was analyzed by HPLC. Quercetin was detected, identified, and eluted 

at retention time around 37 minutes as shown in Figure 80.The final concentration in the HPLC 

vial was ranging from 0.15 mg to 2.5 mg in 2 mL of HPLC vial. Calibration curve generated was 

shown in Figure 81. The quantity of quercetin in 500 mg of capsulated Grape Seed was 

calculated to be 0.37 mg. 

 

 

Figure 80 Elution profile of Vitahealth’s Grape Seed in a) Grape Seed only and b) 

Grape Seed with quercetin by using spiking technique. 

 

 

Figure 81 Standard addition curve of Vitahealth’s Grape Seed for quercetin obtained 

from HPLC analysis. 
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5.5.2.5. Summary of Application Studies using HPLC Analysis 

With the intention to identify the presence of either gallic acid or quercetin within the selected 

commercially available supplements, spiking technique was used where the respective 

supplements were premixed with gallic acid or quercetin correspondingly before subjected to 

HPLC analysis. Better accuracy in retention time of the respective antioxidant can be achieved 

by allowing the antioxidant to be separated in the same matrix condition as the tested 

supplements. 

By incorporating gallic acid or quercetin into the supplement samples at a range of 

concentrations (0.15 mg to 2.5 mg per 2 mL), a series of standard addition method curves were 

plotted by using the peak area of selected peak at retention time of 12 minutes and 32 minutes 

which corresponded to gallic acid and quercetin that obtained from the elution profiles, 

respectively (Section 5.5.2.1 to 5.5.2.4). Among all those studied supplements, only Bromo-Q, 

Kordel’s Bilberry, Kordel’s Grape Seed, and Vitahealth’s Grape Seed were able to exhibit 

positive results from HPLC analysis, which were increment in the peak area at specific retention 

time, indicating the presence of antioxidant(s). Out of four supplements mentioned above, HPLC 

analysis through the standard addition method have shown that only quercetin was presented in 

Vitahealth’s Grape Seed, meanwhile both gallic acid and quercetin were present in three other 

samples.  
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In order to plot the standard addition calibration plot, a total of 5 different concentrations of the 

gallic acid or quercetin were prepared, respectively. This had been done by serial dilution to 

minimize the errors that might be happened. From the standard calibration plot, the concentration 

of the detected antioxidant(s) can be obtained. This was done by referring to the linear equation 

generated. Thus, the concentration of the detected antioxidant(s) was shown in Table 7. Kordel’s 

Bilberry had the highest content of gallic acid while Bromo-Q had the highest content of 

quercetin. The elution profiles of the 4 supplements were shown in the following sections. 

Table 7 Quantity of detected antioxidant(s) in the commercial supplements. 

Commercial Supplements 
Weight (mg) in 50 mL of 500 mg tablet 

Gallic Acid Quercetin 

Bromo-Q none 3.49 

Kordel's Bilberry 6.69 3.07 

Kordel's Grape Seed 6.79 3.50 

Vitahealth's Grape Seed none 0.37 

 

5.5.3. Comparison between Electrochemical and HPLC analysis 

A series of analysis had been used and applied in this project. Electrochemical studies provided 

fast, simplicity, low cost, and good selectivity in an initial start-up research. In contrast, HPLC 

needs higher expenses on equipment, time consuming, and a lot of experimental consumables, 

especially solvents. In this project, detection of antioxidants in supplement had been done using 

both electrochemical and HPLC analysis as shown in Table 8. In some cases, we have shown 

that electrochemical studies detected the presence of antioxidant(s) while HPLC analysis did not 

detect the presence of antioxidant(s), and vice versa. Therefore, comparison between 

electrochemical studies and HPLC analysis revealed that both techniques are complementary to 

each other. Consideration for choosing either of the mentioned analysis depends on the user’s 

desire and needs. 

Furthermore, the provided package information merely mentioned that the product was extracted 

from certain fruits or plant. There was absence of details on composition of ingredients on the 

packaging. Thus, it was difficult to compare the content in the supplements in terms of the 

studied antioxidants.  
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Table 8 Detection of antioxidant(s) using electrochemical and HPLC analysis. 

Manufacturer Supplements 

Detection of Antioxidant(s) 

Electrochemistry HPLC 

✓or X Remarks ✓ or X Remarks 

Herbs of Gold 

Black Seed  

With Garlic 
X No antioxidant N/A N/A 

Grape Seed 15000 ✓ 

Gallic acid 

and 

quercetin 

N/A N/A 

Himalaya 

Arjuna ✓ Quercetin X No antioxidant 

Amalaki ✓ Gallic acid X No antioxidant 

Mandukaparni X No antioxidant X No antioxidant 

Neem ✓ Gallic acid X No antioxidant 

Triphala ✓ Gallic acid X No antioxidant 

Kordel's 

Vitamin C  

Time 
X 

Contained 

Vit C 
N/A 

Contained 

Vit C 

Bilberry ✓ Gallic acid ✓ 

Gallic acid 

and 

quercetin 

Grape Seed ✓ 

Gallic acid 

and 

quercetin 

✓ 

Gallic acid 

And 

quercetin 

Mindatulus Bromo-Q X No antioxidant ✓ Quercetin 

Solaray 
CranActin 

(Cranberry) 
X No antioxidant X No antioxidant 

Vitahealth 

Grape Seed ✓ 

Gallic acid 

and 

quercetin 

✓ Quercetin 

Bioflavonoids  

C 1000 

Plus Zinc 

X 
Contained 

Vit C 
N/A 

Contained 

Vit C 

Legends: ✓ = detected  X = not detected   N/A = not subjected to run 
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6 Conclusion 

Gallic acid, quercetin, and rutin are electroactive species. Quercetin was found to be more easily 

oxidised (Epa = 179 mV) compared to gallic acid (Epa = 256 mV) and rutin (Epa = 282 mV). 

Gallic acid and quercetin had two oxidation peaks while rutin had only one oxidation peak in 

purged condition. Based on the potential peak value, quercetin is a better antioxidant as 

compared to gallic acid and rutin. There were two modified electrodes which successful in 

detecting the presence of gallic acid and quercetin but not rutin. ITO was the best working 

electrode in detecting the presence of gallic acid, while for quercetin was GCE modified with 

Bi2O3. Furthermore, an interesting discovery is that gallic acid can be used as a modifier in 

detecting the presence of bismuth ion in a sample, as voltammograms had shown that the 

presence of gallic acid was able to increase about 2.8 times in current peak of bismuth ion. In the 

application studies, it had been identified that gallic acid and quercetin were present in all grape 

seed extracts. Supplements containing vitamin C showed a significant sharp and high intensity 

peak in the SWV result and this has masked the presence of studied antioxidant peak(s) which 

oxidised at the same potential region. In comparison, electrochemical technique was 

complementary to analytical HPLC technique for detection of the studied antioxidants in 

selected supplements, as evidenced by some cases where antioxidant(s) can be detected by using 

electrochemical techniques but not by using HPLC analysis, and vice versa. The capability of 

electrochemical techniques to detect the presence of various types of antioxidants in selected 

supplements compared to HPLC analysis could be owing to the versatility of various types of 

chemically modified electrodes used in the electrochemical analysis in this project. Mechanical 

attachment is the first step to build a potential electrochemical sensor for detecting 

antioxidant(s). Further work can be performed by using covalent attachment technique (Bard, 

1983), where chemical reactions can be carried out to form bonds between the substrate and a 

molecule of interest. It is speculated to be a better electrochemical sensor for detection of the 

antioxidants. 

 

 

 

  



Page | 101 

 

7 References 

ABDEL-HAMID, R. & NEWAIR, E. F. 2011. Electrochemical behavior of antioxidants: I. 

Mechanistic study on electrochemical oxidation of gallic acid in aqueous solutions at 

glassy-carbon electrode. Journal of Electroanalytical Chemistry, 657, 107-112. 

ABDEL-HAMID, R. & NEWAIR, E. F. 2013. Adsorptive stripping voltammetric determination 

of gallic acid using an electrochemical sensor based on polyepinephrine/glassy carbon 

electrode and its determination in black tea sample. Journal of Electroanalytical 

Chemistry, 704, 32-37. 

ABDEL-HAMID, R., RABIA, M. K. & NEWAIR, E. F. 2012. Electrochemical behaviour of 

antioxidants: Part 2. Electrochemical oxidation mechanism of quercetin at glassy carbon 

electrode modified with multi-wall carbon nanotubes. Arabian Journal of Chemistry. 

ABREGO, Z., UNCETA, N., SÁNCHEZ, A., GÓMEZ-CABALLERO, A., BERRIO-OCHOA, 

L. M., GOICOLEA, M. A. & BARRIO, R. J. 2017. Determination of mercury (ii) in 

water at sub-nanomolar levels by laser ablation-ICPMS analysis of screen printed 

electrodes used as a portable voltammetric preconcentration system. Analyst, 142, 1157-

1164. 

ALI, T. A., MOHAMED, G. G., OMAR, M. & HANAFY, N. M. 2017. Construction and 

performance characteristics of chemically modified carbon paste electrodes for the 

selective determination of Co (II) ions in water samples. Journal of Industrial and 

Engineering Chemistry, 47, 102-111. 

ALIZADEH, T., HAMIDI, N., GANJALI, M. R. & NOUROZI, P. 2017. Development of a 

highly selective and sensitive electrochemical sensor for Bi 3+ determination based on 

nano-structured bismuth-imprinted polymer modified carbon/carbon nanotube paste 

electrode. Sensors and Actuators B: Chemical, 245, 605-614. 

ANTON ALEXANDRU, C. 2014. - Chemically Modified Electrodes in Biosensing. 

APETREI, C., APETREI, I. M., SAJA, J. A. D. & RODRIGUEZ-MENDEZ, M. L. 2011. 

Carbon Paste Electrodes Made from Different Carbonaceous Materials: Application in 

the Study of Antioxidants. Sensors, 11, 1328-1344. 

ARMBRUSTER, D. A. & PRY, T. 2008. Limit of Blank, Limit of Detection and Limit of 

Quantitation. The Clinical Biochemist Reviews, 29, S49-S52. 

BAGHAYERI, M., MALEKI, B. & ZARGHANI, R. 2014. Voltammetric behavior of tiopronin 

on carbon paste electrode modified with nanocrystalline Fe50Ni50 alloys. Materials 

Science and Engineering: C, 44, 175-182. 

BAGHAYERI, M. & NAMADCHIAN, M. 2013. Fabrication of a nanostructured luteolin 

biosensor for simultaneous determination of levodopa in the presence of acetaminophen 

and tyramine: Application to the analysis of some real samples. Electrochimica Acta, 

108, 22-31. 

BAGHERI, M., HEYDARI, M. & VAEZI, M. R. 2018. Influence of reaction conditions on 

formation of ionic liquid-based nanostructured Bi2O3 as an efficient visible-light-driven 

photocatalyst. Journal of Physics and Chemistry of Solids, 112, 14-19. 

BALDWIN, R. P. & THOMSEN, K. N. 1991. Chemically modified electrodes in liquid 

chromatography detection: A review. Talanta, 38, 1-16. 

BANYAMIN, Z. Y., KELLY, P. J., WEST, G. & BOARDMAN, J. 2014. Electrical and Optical 

Properties of Fluorine Doped Tin Oxide Thin Films Prepared by Magnetron Sputtering. 

Coatings, 4, 732-746. 

BARD, A. J. 1983. Chemical modification of electrodes. 



Page | 102 

 

BARROS, L., CABRITA, L., BOAS, M. V., CARVALHO, A. M. & FERREIRA, I. C. F. R. 

2011. Chemical, biochemical and electrochemical assays to evaluate phytochemicals and 

antioxidant activity of wild plants. Food Chemistry, 127, 1600-1608. 

BARROSO, M. F., DELERUE-MATOS, C. & OLIVEIRA, M. B. P. P. 2012. Electrochemical 

evaluation of total antioxidant capacity of beverages using a purine-biosensor. Food 

Chemistry, 132, 1055-1062. 

BAUR, J. E. 2007. 19 - Diffusion Coefficients. In: ZOSKI, C. G. (ed.) Handbook of 

Electrochemistry. Amsterdam: Elsevier. 

BEITOLLAHI, H. & SHEIKHSHOAIE, I. 2011. Electrocatalytic and simultaneous 

determination of isoproterenol, uric acid and folic acid at molybdenum (VI) complex-

carbon nanotube paste electrode. Electrochimica Acta, 56, 10259-10263. 

BLASCO, A. J., ROGERIO, M. C., GONZÁLEZ, M. C. & ESCARPA, A. 2005. 

“Electrochemical Index” as a screening method to determine “total polyphenolics” in 

foods: A proposal. Analytica Chimica Acta, 539, 237-244. 

BROWNSON, D. A. & BANKS, C. E. 2014. Interpreting Electrochemistry. The Handbook of 

Graphene Electrochemistry. Springer. 

CAZULA, B. B. & LAZARIN, A. M. 2017. Development of chemically modified carbon paste 

electrodes with transition metal complexes anchored on silica gel. Materials Chemistry 

and Physics, 186, 470-477. 

CHAUBEY, A. & MALHOTRA, B. D. 2002. Mediated biosensors. Biosens Bioelectron, 17, 

441-56. 

CHEN, X., LI, Q., YU, S., LIN, B. & WU, K. 2012. Activated silica gel based carbon paste 

electrodes exhibit signal enhancement for quercetin. Electrochimica Acta, 81, 106-111. 

CHENG, M., ZHANG, X., WANG, M., HUANG, H. & MA, J. 2017. A facile electrochemical 

sensor based on well-dispersed graphene-molybdenum disulfide modified electrode for 

highly sensitive detection of dopamine. Journal of Electroanalytical Chemistry, 786, 1-7. 

CHEVION, S., ROBERTS, M. A. & CHEVION, M. 2000. The use of cyclic voltammetry for the 

evaluation of antioxidant capacity. Free Radical Biology and Medicine, 28, 860-870. 

CHEW, Y.-L., GOH, J.-K. & LIM, Y.-Y. 2009. Assessment of in vitro antioxidant capacity and 

polyphenolic composition of selected medicinal herbs from Leguminosae family in 

Peninsular Malaysia. Food Chemistry, 116, 13-18. 

CIOBANU, M., WILBURN, J. P., KRIM, M. L. & CLIFFEL, D. E. 2007. 1 - Fundamentals. In: 

ZOSKI, C. G. (ed.) Handbook of Electrochemistry. Amsterdam: Elsevier. 

CIPIRIANO, B., KASHIWAGI, T., RAGHAVAN, S. R., YANG, Y., GRULKE, E. A., 

YAMAMMOTO, K., SHIELDS, J. R. & DOUGLAS, J. F. 2017. Effects of Aspect Ratio 

of Multi-Walled Carbon Nanotube on Flammability Properties of Polymer 

Nanocomposites. Plasma Processes and Polymers. 

DA SILVA, L. V., LOPES, C. B., DA SILVA, W. C., DE PAIVA, Y. G., DOS SANTOS 

SILVA, F. D. A., LIMA, P. R., KUBOTA, L. T. & GOULART, M. O. F. 2017. 

Electropolymerization of ferulic acid on multi-walled carbon nanotubes modified glassy 

carbon electrode as a versatile platform for NADH, dopamine and epinephrine separate 

detection. Microchemical Journal, 133, 460-467. 

DAI, J. & MUMPER, R. J. 2010. Plant Phenolics: Extraction, Analysis and Their Antioxidant 

and Anticancer Properties. Molecules, 15, 7313-7352. 

DE RIJKE, E., ZAPPEY, H., ARIESE, F., GOOIJER, C. & BRINKMAN, U. A. 2004. 

Flavonoids in Leguminosae: Analysis of extracts of T. pratense L., T. dubium L., T. 

repens L., and L. corniculatus L. leaves using liquid chromatography with UV, mass 

spectrometric and fluorescence detection. Analytical and bioanalytical chemistry, 378, 

995-1006. 



Page | 103 

 

DEEPI, A., SRIKESH, G. & NESARAJ, A. S. 2018. Electrochemical performance of Bi2O3 

decorated graphene nano composites for supercapacitor applications. Nano-Structures & 

Nano-Objects, 15, 10-16. 

DINESH, B., VEERAMANI, V., CHEN, S.-M. & SARASWATHI, R. 2017. In situ 

electrochemical synthesis of reduced graphene oxide-cobalt oxide nanocomposite 

modified electrode for selective sensing of depression biomarker in the presence of 

ascorbic acid and dopamine. Journal of Electroanalytical Chemistry, 786, 169-176. 

DUKE, K. S., TAYLOR-JUST, A. J., IHRIE, M. D., SHIPKOWSKI, K. A., THOMPSON, E. 

A., DANDLEY, E. C., PARSONS, G. N. & BONNER, J. C. 2017. STAT1-dependent 

and-independent pulmonary allergic and fibrogenic responses in mice after exposure to 

tangled versus rod-like multi-walled carbon nanotubes. Particle and fibre toxicology, 14, 

26. 

DURST, R. 1997. Chemically modified electrodes: recommended terminology and definitions 

(IUPAC Recommendations 1997). Pure and applied chemistry, 69, 1317-1324. 

DUTHIE, G. & CROZIER, A. 2000. Plant-derived phenolic antioxidants. Current Opinion in 

Lipidology, 11, 43-47. 

ELANGOVAN, E. & RAMAMURTHI, K. 2005. Studies on micro-structural and electrical 

properties of spray-deposited fluorine-doped tin oxide thin films from low-cost precursor. 

Thin solid films, 476, 231-236. 

ENAYATPOUR, B., RAJABI, M., YARI, M., MIRKHAN, S. M. R., NAJAFI, F., MORADI, 

O., BHARTI, A. K., AGARWAL, S. & GUPTA, V. K. 2017. Adsorption/desorption 

study of proteins onto multi-walled carbon nanotubes and amino multi-walled carbon 

nanotubes surfaces as adsorbents. Journal of Molecular Liquids, 231, 566-571. 

FILIPE, P., LANÇ, V., NUNO SILVA, J., MORLIÈRE, P., SANTUS, R. & FERNANDES, A. 

2001. Flavonoids and urate antioxidant interplay in plasma oxidative stress. Molecular 

and Cellular Biochemistry, 221, 79-87. 

FILIPIAK, M. 2002. Electrochemical Analysis of Polyphenolic Compounds. Analytical 

Sciences/Supplements, 17icas, i1667-i1670. 

GAO, F., ZHENG, D., TANAKA, H., ZHAN, F., YUAN, X., GAO, F. & WANG, Q. 2015. An 

electrochemical sensor for gallic acid based on Fe 2 O 3/electro-reduced graphene oxide 

composite: Estimation for the antioxidant capacity index of wines. Materials Science and 

Engineering: C, 57, 279-287. 

GHOLIVAND, M. B., MOHAMMADI-BEHZAD, L. & HOSSEINKHANI, H. 2016. 

Application of a Cu–chitosan/multiwalled carbon nanotube film-modified electrode for 

the sensitive determination of rutin. Analytical Biochemistry, 493, 35-43. 

GHOREISHI, S. M., BEHPOUR, M., KHAYATKASHANI, M. & MOTAGHEDIFARD, M. H. 

2011. Simultaneous determination of ellagic and gallic acid in Punica granatum, Myrtus 

communis and Itriphal formulation by an electrochemical sensor based on a carbon paste 

electrode modified with multi-walled carbon nanotubes. Analytical Methods, 3, 636-645. 

GIL, E. S. & COUT, R. O. 2013. Flavonoid electrochemistry: a review on the electroanalytical 

applications. Revista Brasileira de Farmacognosia, 23, 542-558. 

GUJAR, T. P., SHINDE, V. R., LOKHANDE, C. D. & HAN, S.-H. 2006. Electrosynthesis of 

Bi2O3 thin films and their use in electrochemical supercapacitors. Journal of Power 

Sources, 161, 1479-1485. 

GUPTA, V. K. & SHARMA, S. K. 2006. Plants as natural antioxidants. Nat. Prod. Rad, 5, 326-

334. 

GUTIÉRREZ-HERNÁNDEZ, J. M., ESCOBAR-GARCÍA, D. M., ESCALANTE, A., FLORES, 

H., GONZÁLEZ, F. J., GATENHOLM, P. & TORIZ, G. 2017. In vitro evaluation of 



Page | 104 

 

osteoblastic cells on bacterial cellulose modified with multi-walled carbon nanotubes as 

scaffold for bone regeneration. Materials Science and Engineering: C, 75, 445-453. 

HASSAN, R. Y., MEKAWY, M. M., RAMNANI, P. & MULCHANDANI, A. 2017. Monitoring 

of microbial cell viability using nanostructured electrodes modified with 

Graphene/Alumina nanocomposite. Biosensors and Bioelectronics, 91, 857-862. 

HE, J. B., LIN, X. Q. & PAN, J. 2005. Multi‐Wall Carbon Nanotube Paste Electrode for 

Adsorptive Stripping Determination of Quercetin: A Comparison with Graphite Paste 

Electrode via Voltammetry and Chronopotentiometry. Electroanalysis, 17, 1681-1686. 

HEELEY, E. L., HUGHES, D. J., CRABB, E. M., BOWEN, J., BIKONDOA, O., MAYORAL, 

B., LEUNG, S. & MCNALLY, T. 2017. The formation of a nanohybrid shish-kebab 

(NHSK) structure in melt-processed composites of poly (ethylene terephthalate)(PET) 

and multi-walled carbon nanotubes (MWCNTs). Polymer, 117, 208-219. 

HONARVARFARD, E., GAMELLA, M., GUZ, N. & KATZ, E. 2017. 

Electrochemically‐controlled DNA Release under Physiological Conditions from a 

Monolayer‐modified Electrode. Electroanalysis, 29, 324-329. 

HSIEH, M.-T. & WHANG, T.-J. 2017. Electrical polymerization of a tetrazole polymer-

modified electrode and its catalytic reaction toward dopamine. Applied Surface Science, 

396, 1589-1595. 

HU, S., ZHU, H., LIU, S., XIANG, J., SUN, W. & ZHANG, L. 2012. Electrochemical detection 

of rutin with a carbon ionic liquid electrode modified by Nafion, graphene oxide and 

ionic liquid composite. Microchimica Acta, 178, 211-219. 

JANEIRO, P. & BRETT, A. M. O. 2005. Solid state electrochemical oxidation mechanisms of 

morin in aqueous media. Electroanalysis, 17, 733-738. 

JØRGENSEN, L. V., CORNETT, C., JUSTESEN, U., SKIBSTED, L. H. & DRAGSTED, L. O. 

1998. Two-electron electrochemical oxidation of quercetin and kaempferol changes only 

the flavonoid C-ring. Free radical research, 29, 339-350. 

KATALINIC, V., MILOS, M., KULISIC, T. & JUKIC, M. 2006. Screening of 70 medicinal 

plant extracts for antioxidant capacity and total phenols. Food Chemistry, 94, 550-557. 

KELLY, R. S. 2009. Analytical Electrochemistry: The Basic Concepts. 

KESAVAN, S., KUMAR, D. R., LEE, Y. R. & SHIM, J.-J. 2017. Determination of tetracycline 

in the presence of major interference in human urine samples using 

polymelamine/electrochemically reduced graphene oxide modified electrode. Sensors 

and Actuators B: Chemical, 241, 455-465. 

KEYES, T. E. & FORSTER, R. J. 2007. 14 - Spectroelectrochemistry. In: ZOSKI, C. G. (ed.) 

Handbook of Electrochemistry. Amsterdam: Elsevier. 

KILMARTIN, P. A., ZOU, H. & WATERHOUSE, A. L. 2001. A Cyclic Voltammetry Method 

Suitable for Characterizing Antioxidant Properties of Wine and Wine Phenolics. Journal 

of Agricultural and Food Chemistry, 49, 1957-1965. 

KIM, H., PIQUE, A., HORWITZ, J., MATTOUSSI, H., MURATA, H., KAFAFI, Z. & 

CHRISEY, D. 1999. Indium tin oxide thin films for organic light-emitting devices. 

Applied physics letters, 74, 3444-3446. 

KNEKT, P., KUMPULAINEN, J., JARVINEN, R., RISSANEN, H., HELIOVAARA, M., 

REUNANEN, A., HAKULINEN, T. & AROMAA, A. 2002. Flavonoid intake and risk of 

chronic diseases. Am J Clin Nutr, 76, 560-8. 

KOUNAVES, S. P. 1997. Voltammetric techniques. Prentice Hall, Upper Saddle River, NJ, 

USA. 

LEE, J., SRIMUK, P., ARISTIZABAL, K., KIM, C., CHOUDHURY, S., NAH, Y.-C., 

MÜCKLICH, F. & PRESSER, V. 2017. Pseudocapacitive desalination of brackish water 



Page | 105 

 

and seawater via vanadium pentoxide decorated multi‐walled carbon nanotubes. 

ChemSusChem. 

LI, Y. & HUANG, W. 2015. Electrode modified with porous alumina microfibers as a highly 

sensitive electrochemical sensor for quercetin. Analytical Methods, 7, 2537-2541. 

LIANG, Z., ZHAI, H., CHEN, Z., WANG, H., WANG, S., ZHOU, Q. & HUANG, X. 2016. A 

simple, ultrasensitive sensor for gallic acid and uric acid based on gold 

microclusters/sulfonate functionalized graphene modified glassy carbon electrode. 

Sensors and Actuators B: Chemical, 224, 915-925. 

LIN, X.-Q., HE, J.-B. & ZHA, Z.-G. 2006. Simultaneous determination of quercetin and rutin at 

a multi-wall carbon-nanotube paste electrodes by reversing differential pulse 

voltammetry. Sensors and Actuators B: Chemical, 119, 608-614. 

MACÍAS-GARCÍA, A., CORZO, M. G., DOMÍNGUEZ, M. A., FRANCO, M. A. & 

NAHARRO, J. M. 2017. Study of the adsorption and electroadsorption process of Cu (II) 

ions within thermally and chemically modified activated carbon. Journal of hazardous 

materials, 328, 46-55. 

MAHMOUD, B. G., KHAIRY, M., RASHWAN, F. A. & BANKS, C. E. 2017. Simultaneous 

Voltammetric Determination of Acetaminophen and Isoniazid (Hepatotoxicity-Related 

Drugs) Utilizing Bismuth Oxide Nanorod Modified Screen-Printed Electrochemical 

Sensing Platforms. Analytical Chemistry, 89, 2170-2178. 

MAKRA, I., BRAJNOVITS, A., JÁGERSZKI, G., FÜRJES, P. & GYURCSÁNYI, R. E. 2017. 

Potentiometric sensing of nucleic acids using chemically modified nanopores. Nanoscale, 

9, 739-747. 

MANDLER, W. K., NURKIEWICZ, T. R., PORTER, D. W. & OLFERT, I. M. 2017. 

Thrombospondin-1 mediates multi-walled carbon nanotube induced impairment of 

arteriolar dilation. Nanotoxicology, 11, 112-122. 

MANN, M. A., HELFRICK, J. C. & BOTTOMLEY, L. A. 2014. Diagnostic Criteria for the 

Characterization of Quasireversible Electron Transfer Reactions by Cyclic Square Wave 

Voltammetry. Analytical Chemistry, 86, 8183-8191. 

MATTILA, P., ASTOLA, J. & KUMPULAINEN, J. 2000. Determination of flavonoids in plant 

material by HPLC with diode-array and electro-array detections. Journal of Agricultural 

and Food Chemistry, 48, 5834-5841. 

MAYURI, P., SARAVANAN, N. & KUMAR, A. S. 2017. A bioinspired copper 2, 2-bipyridyl 

complex immobilized MWCNT modified electrode prepared by a new strategy for 

elegant electrocatalytic reduction and sensing of hydrogen peroxide. Electrochimica 

Acta, 240, 522-533. 

MEDVIDOVIĆ-KOSANOVIĆ, M., ŠERUGA, M., JAKOBEK, L. & NOVAK, I. 2010. 

Electrochemical and antioxidant properties of rutin. Collection of Czechoslovak Chemical 

Communications, 75, 547-561. 

MEHRING, M. 2007. From molecules to bismuth oxide-based materials: Potential homo- and 

heterometallic precursors and model compounds. Coordination Chemistry Reviews, 251, 

974-1006. 

MIRANDA, M., DEL RIO, R., DEL VALLE, M., FAUNDEZ, M. & ARMIJO, F. 2012. Use of 

fluorine-doped tin oxide electrodes for lipoic acid determination in dietary supplements. 

Journal of Electroanalytical Chemistry, 668, 1-6. 

MIRCESKI, V., GULABOSKI, R., LOVRIC, M., BOGESKI, I., KAPPL, R. & HOTH, M. 

2013. Square-Wave Voltammetry: A Review on the Recent Progress. Electroanalysis, 

25, 2411-2422. 



Page | 106 

 

MOHAMMADI, S. Z., BEITOLLAHI, H. & MOUSAVI, M. 2017. Determination of 

hydroxylamine using a carbon paste electrode modified with graphene oxide nano sheets. 

Russian Journal of Electrochemistry, 53, 374-379. 

MOVLAEE, K., GANJALI, M. R., AGHAZADEH, M., BEITOLLAHI, H., HOSSEINI, M., 

SHAHABI, S. & NOROUZI, P. 2017. Graphene nanocomposite modified glassy carbon 

electrode: as a sensing platform for simultaneous determination of methyldopa and uric 

acid. Int. J. Electrochem. Sci, 12, 305-315. 

MUSTAFA, I., LOPEZ, I., YOUNES, H., SUSANTYOKO, R. A., AL-RUB, R. A. & 

ALMHEIRI, S. 2017. Fabrication of Freestanding Sheets of Multiwalled Carbon 

Nanotubes (Buckypapers) for Vanadium Redox Flow Batteries and Effects of Fabrication 

Variables on Electrochemical Performance. Electrochimica Acta, 230, 222-235. 

OLIVEIRA, A. & MASCARO, L. 2011. Evaluation of carbon nanotube paste electrode modified 

with copper microparticles and its application to determination of quercetin. Int. J. 

Electrochem. Sci, 6, 804-818. 

OLIVEIRA, B. A. M. & MARIANA‐EMILIA, G. 2003. Electrochemical Oxidation of 

Quercetin. Electroanalysis, 15, 1745-1750. 

PALAKOLLU, V. N., THAPLIYAL, N., CHIWUNZE, T. E., KARPOORMATH, R., 

KARUNANIDHI, S. & CHERUKUPALLI, S. 2017. Electrochemically reduced 

graphene oxide/Poly-Glycine composite modified electrode for sensitive determination of 

l-dopa. Materials Science and Engineering: C, 77, 394-404. 

PALANISAMY, S., RAMARAJ, S. K., CHEN, S.-M., YANG, T. C., YI-FAN, P., CHEN, T.-

W., VELUSAMY, V. & SELVAM, S. 2017. A novel Laccase biosensor based on laccase 

immobilized graphene-cellulose microfiber composite modified screen-printed carbon 

electrode for sensitive determination of catechol. Scientific reports, 7. 

PANIZZA, M. & CERISOLA, G. 2009. Electrochemical degradation of gallic acid on a BDD 

anode. Chemosphere, 77, 1060-1064. 

PEREIRA, E. R. D. C. V., BESSEGATO, G. G., YAMANAKA, H. & ZANONI, M. V. B. 2016. 

Determination of Quercetin by a Siloxane-Polyester/Poly-L-Lysine Nanocomposite 

Modified Glassy Carbon Electrode. Analytical Letters, 49, 1398-1411. 

PIOVESAN, J. V., DE LIMA, C. A., SANTANA, E. R. & SPINELLI, A. 2017. Voltammetric 

determination of condensed tannins with a glassy carbon electrode chemically modified 

with gold nanoparticles stabilized in carboxymethylcellulose. Sensors and Actuators B: 

Chemical, 240, 838-847. 

PISOSCHI, A. M., CHEREGI, M. C. & DANET, A. F. 2009. Total antioxidant capacity of some 

commercial fruit juices: electrochemical and spectrophotometrical approaches. 

Molecules, 14, 480-93. 

RANA, S., MITTAL, S. K., SINGH, N., SINGH, J. & BANKS, C. E. 2017. Schiff base modified 

screen printed electrode for selective determination of aluminium (III) at trace level. 

Sensors and Actuators B: Chemical, 239, 17-27. 

RAZA, W., BAHNEMANN, D. & MUNEER, M. 2018. A green approach for degradation of 

organic pollutants using rare earth metal doped bismuth oxide. Catalysis Today, 300, 89-

98. 

REDDAIAH, K., REDDY, T. M., RAGHU, P. & SWAMY, B. E. K. 2012. Electrochemical 

Determination of Quercetin at β–Cyclodextrin Modified Chemical Sensor: A 

Voltammetric Study. Anal. Bioanal. Electrochem, 4, 122-134. 

RESEARCH, P. A. 2017. Application Note S-7: Squarewave Voltammetry. Available: 

http://www.ameteksi.com/library/application-notes/princeton-applied-research. 



Page | 107 

 

RIBEIRO, A. C. F., SIMÕES, S. M. N., LOBO, V. M. M., VALENTE, A. J. M. & ESTESO, M. 

A. 2010. Interaction between copper chloride and caffeine as seen by diffusion at 25 °C 

and 37 °C. Food Chemistry, 118, 847-850. 

RIBER, J., DE LA FUENTE, C., VAZQUEZ, M. D., TASCON, M. L. & SANCHEZ 

BATANERO, P. 2000. Electrochemical study of antioxidants at a polypyrrole electrode 

modified by a nickel phthalocyanine complex. Application to their HPLC separation and 

to their FIA system detections. Talanta, 52, 241-52. 

ROMAN, C., GARCÍA-MORALES, M., GUPTA, J. & MCNALLY, T. 2017. On the phase 

affinity of multi-walled carbon nanotubes in PMMA: LDPE immiscible polymer blends. 

Polymer, 1-11. 

SANGEETHA, N. S. & NARAYANAN, S. S. 2014. A novel bimediator amperometric sensor 

for electrocatalytic oxidation of gallic acid and reduction of hydrogen peroxide. Analytica 

Chimica Acta, 828, 34-45. 

SCHULZE, K. D. 1988. Principles in Electrochemistry : J. Koryta and J. Dvorak. Wiley, 

Chichester, New York, Brisbane, Toronto, Singapore, 1987, ISBN 0-471-91211-5, viii + 

447 pp., £49.00. Bioelectrochemistry and Bioenergetics, 19, 587-588. 

SEDKI, M., HASSAN, R. Y., HEFNAWY, A. & EL-SHERBINY, I. M. 2017. Sensing of 

Bacterial Cell Viability using Nanostructured Bioelectrochemical System: rGO-

Hyperbranched Chitosan Nanocomposite as a Novel Microbial Sensor Platform. Sensors 

and Actuators B: Chemical. 

SHAHIDI, F. 2015. 1 - Antioxidants: Principles and applications. Handbook of Antioxidants for 

Food Preservation. Woodhead Publishing. 

SHAO, Y. 2007. 17.3 - Electrochemistry at liquid/liquid interfaces. In: ZOSKI, C. G. (ed.) 

Handbook of Electrochemistry. Amsterdam: Elsevier. 

SMITH, T. J. & STEVENSON, K. J. 2007. 4 - Reference Electrodes. In: ZOSKI, C. G. (ed.) 

Handbook of Electrochemistry. Amsterdam: Elsevier. 

SOKOLOVA, R., RAMESOVA, S., DEGANO, I., HROMADOVA, M., GAL, M. & ZABKA, J. 

2012. The oxidation of natural flavonoid quercetin. Chemical Communications, 48, 3433-

3435. 

SOLANKI, P. R., SINGH, J., RUPAVALI, B., TIWARI, S. & MALHOTRA, B. D. 2017. 

Bismuth oxide nanorods based immunosensor for mycotoxin detection. Materials 

Science and Engineering: C, 70, 564-571. 

SONG, B., ZENG, G., GONG, J., ZHANG, P., DENG, J., DENG, C., YAN, J., XU, P., LAI, C. 

& ZHANG, C. 2017. Effect of multi-walled carbon nanotubes on phytotoxicity of 

sediments contaminated by phenanthrene and cadmium. Chemosphere, 172, 449-458. 

SU, P., XU, W., QIU, Y., ZHANG, T., LI, X. & ZHANG, H. 2018. Ultrathin Bismuth 

nanosheets as highly efficient electrocatalyst for CO2 reduction. ChemSusChem, n/a-n/a. 

SUN, K., XIE, P., WANG, Z., SU, T., SHAO, Q., RYU, J., ZHANG, X., GUO, J., SHANKAR, 

A. & LI, J. 2017. Flexible polydimethylsiloxane/multi-walled carbon nanotubes 

membranous metacomposites with negative permittivity. Polymer, 125, 50-57. 

SUN, S., ZHANG, M., LI, Y. & HE, X. 2013. A Molecularly Imprinted Polymer with 

Incorporated Graphene Oxide for Electrochemical Determination of Quercetin. Sensors, 

13, 5493. 

TSAO, R. 2010. Chemistry and biochemistry of dietary polyphenols. Nutrients, 2, 1231-1246. 

UPADHAYAY, U. P. P. D. D. & VIGYAN, P. C. 2014. Neem (Azadirachta indica) and its 

Potential for Safeguarding. Journal of Biological Sciences, 14, 110-123. 

WANG, M., ZHANG, D., TONG, Z., XU, X. & YANG, X. 2011. Voltammetric behavior and 

the determination of quercetin at a flowerlike Co3O4 nanoparticles modified glassy 

carbon electrode. Journal of Applied Electrochemistry, 41, 189-196. 



Page | 108 

 

WANG, X., WANG, J. & YANG, N. 2007. Flow injection chemiluminescent detection of gallic 

acid in olive fruits. Food Chemistry, 105, 340-345. 

YANG, L., YANG, J., XU, B., ZHAO, F. & ZENG, B. 2016. Facile preparation of molecularly 

imprinted polypyrrole-graphene-multiwalled carbon nanotubes composite film modified 

electrode for rutin sensing. Talanta, 161, 413-418. 

YANG, S., LI, G., ZHAO, J., ZHU, H. & QU, L. 2014. Electrochemical preparation of Ag 

nanoparticles/poly(methylene blue) functionalized graphene nanocomposite film 

modified electrode for sensitive determination of rutin. Journal of Electroanalytical 

Chemistry, 717, 225-230. 

YANG, S., YANG, R., LI, G., QU, L., LI, J. & YU, L. 2010. Nafion/multi-wall carbon 

nanotubes composite film coated glassy carbon electrode for sensitive determination of 

caffeine. Journal of Electroanalytical Chemistry, 639, 77-82. 

YAO, Y.-Y., ZHANG, L., WANG, Z.-F., XU, J.-K. & WEN, Y.-P. 2014. Electrochemical 

determination of quercetin by self-assembled platinum 

nanoparticles/poly(hydroxymethylated-3,4-ethylenedioxylthiophene) nanocomposite 

modified glassy carbon electrode. Chinese Chemical Letters, 25, 505-510. 

YILMAZ, Y. & TOLEDO, R. T. 2004. Major Flavonoids in Grape Seeds and Skins:  

Antioxidant Capacity of Catechin, Epicatechin, and Gallic Acid. Journal of Agricultural 

and Food Chemistry, 52, 255-260. 

ZARE, H. R., SAMIMI, R. & ARDAKANI, M. M. 2009. A Comparison of the Electrochemical 

Behavior of Rutin at an Inactivated, Activated, and Multi Wall Carbon Nanotubes 

Modified Glassy Carbon Electrode. Int. J. Electrochem. Sci, 4, 730-739. 

ZHANG, L., GHIMIRE, P., PHURIRAGPITIKHON, J., JIANG, B., GONÇALVES, A. A. S. & 

JARONIEC, M. 2018. Facile formation of metallic bismuth/bismuth oxide heterojunction 

on porous carbon with enhanced photocatalytic activity. Journal of Colloid and Interface 

Science, 513, 82-91. 

ZHAO, Q., ZHANG, F., XIA, J., LI, J., GUI, R., XIA, Y. & WANG, Z. 2017. Self-Assembled 

Ionic Liquid-Phosphomolybdic Acid/Reduced Graphene Oxide Composite Modified 

Electrode for Sensitive Determination of Dopamine. ECS Journal of Solid State Science 

and Technology, 6, M3014-M3018. 

ZHOU, A., KIKANDI, S. & SADIK, O. A. 2007. Electrochemical degradation of quercetin: 

Isolation and structural elucidation of the degradation products. Electrochemistry 

Communications, 9, 2246-2255. 

ZHU, G., QIAN, J., SUN, H., YI, Y. & WU, X. 2017a. Enhanced Electrochemical Sensing 

Based on Perylenetetracarboxylic Acid Functionalized Carbon Nanohorns Hybrids 

Modified Electrode. Journal of The Electrochemical Society, 164, H545-H549. 

ZHU, Y., PAN, D., HU, X., HAN, H., LIN, M. & WANG, C. 2017b. An electrochemical sensor 

based on reduced graphene oxide/gold nanoparticles modified electrode for determination 

of iron in coastal waters. Sensors and Actuators B: Chemical, 243, 1-7. 

ZIDAN, M., TEE, T. W., ABDULLAH, A. H., ZAINAL, Z. & KHENG, G. J. 2011. 

Electrochemical oxidation of ascorbic acid mediated by Bi2O3 microparticles modified 

glassy carbon electrode. Int. J. Electrochem. Sci, 6, 289-300. 

ZUO, W., ZHU, W., ZHAO, D., SUN, Y., LI, Y., LIU, J. & LOU, X. W. 2016. Bismuth oxide: a 

versatile high-capacity electrode material for rechargeable aqueous metal-ion batteries. 

Energy & Environmental Science, 9, 2881-2891. 

 

 




