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 ABSTRACT 
 

 

Antioxidants play important roles in food quality and the protection and the promotion of 

human health. The most commonly used antioxidant determination techniques are the  

Folin-Ciocalteu assay and HPLC analyses. However, these methods have various  

disadvantages such as long time requirements, low sensitivity, interfering agents etc.  

Cyclic voltammetry at inert electrodes is another method for antioxidant determination. 

Although this method is easy to apply and gives rapid results, the sensitivity of an  

electrode with a 1 mm dia. is not adequate to analyse antioxidants at levels present in 

beverages. In this study, the detection of beverage antioxidants was achieved by covering 

the electrode with a poly3,4-ethylenedioxythiophene (PEDOT) film, which is a 

conducting polymer.  

Polymerization was performed electrochemically with 0.1 M 3,4-ethylenedioxythiophene 

(EDOT) and 0.1 M lithium perchlorate in propylene carbonate (PC) using cyclic 

voltammetry at 1 mm dia. electrodes. Glassy carbon and gold electrodes substrates were 

tested and better results were obtained with the glassy carbon electrode. Polymerization 

was performed using different potential ranges and number of preparative cycles in order 

to find the optimum conditions. Green tea, catechin and epigallocatechin gallate solutions 

were used as test standards for system optimization. The optimum number of preparative 

cycles and potential range were determined to be cycling four cycles between -300 and 

1200 mV vs. Ag/AgCl.   

Tea and coffee are among the most frequently consumed beverages, and are rich in 

polyphenol antioxidants. Green, black and herbal teas, different types of coffee and red 

wine samples, along with polyphenol standards, were tested by cyclic voltammetry using 

an electrochemically polymerized PEDOT-covered glassy carbon electrode. The 

voltammetric response of the coffee samples resembled that of chlorogenic acid, which 

was also determined to be the major polyphenol present by HPLC analysis. In the 

voltammograms of green tea, there were two oxidation peaks seen at around 200 and 300 

mV (Ag/AgCl) at pH 5.5, assigned mainly to epigallocatechin gallate (EGCG). Moreover, 

simulation solutions of green, black teas and coffee were prepared depending on their 

phenolic compound profiles and were subjected to CV testing, and a similar response was 

obtained as with the real samples. The anodic peak area was used to estimate the total 
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phenolic content (TPC) of the samples. When these TPC values were compared with 

alternative spectrophotometric assays, correlations of 0.87, 0.73 and 0.75 were obtained 

with the Folin-Ciocalteu, DPPH and ABTS assays, respectively. 

EDOT is poorly soluble in water; however, an aqueous environment was required for the 

next study involving an enzyme. In order to overcome this problem, two types of 

solutions were tested; the first one was an aqueous solution containing EDOT, LiClO4 

and sodium dodecyl sulphate (SDS) and the second one had different ratios of 

acetonitrile/water containing EDOT and LiClO4. Polymerization was performed by cyclic 

voltammetry and the sensitivity of PEDOT-electrodes were compared by testing gallic 

acid and green tea solution, versus PEDOT prepared in propylene carbonate. The 

oxidation potential of EDOT decreased in the aqueous solutions compared to that in the 

organic solvent. Furthermore, the PEDOT electrode prepared in SDS solution system 

showed a higher signal for the tested antioxidants compared to electrodes prepared in 

acetonitrile/water solutions. 

In the final part of this study, an amperometric biosensor has been developed to quantify 

specifically the phenolic antioxidant content of beverages. Tyrosinase, which oxidizes 

polyphenols, was physically entrapped into PEDOT during electrochemical 

polymerization by a cyclic voltammetry preparation.  Different CV parameters were used 

to find optimum conditions for enzyme entrapment and to obtain a better biosensor. The 

concentration of quinones formed by enzymatic reaction was determined by a constant 

potential application of –100 mV. Catechol was used as a model substrate. The biosensor 

prepared by 4 cycles in the polymerization solution containing 2 mg/mL tyrosinase gave 

the highest sensitivity (0.0020 µA/µM). The optimum pH and temperature of the 

biosensor were found to be pH 6.5 and 40 ⁰C. Enzyme kinetic studies showed that the 

entrapment of tyrosinase into the PEDOT film was favourable, since the Km value 

decreased compared to that of free enzyme. A few phenolic standards and beverages were 

also successfully tested with the biosensor.  
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 Chapter 1 

Introduction 

 

 

1. Introduction 

Free radicals are highly unstable molecules due to their unpaired electrons. These 

molecules can attack other chemicals, with the removal or donation of electrons, in 

reactions that damage proteins, DNA and cell walls, which contributes to premature aging 

and many diseases. Antioxidants are able to deactivate the free radicals and to protect the 

organism from oxidative damage (Kalyanaraman, 2013). Therefore, antioxidants are 

important molecules in terms of human health and food quality. The naturally found 

antioxidants are mainly phenolic compounds, vitamin C (ascorbic acid), β-carotene, α-

tocopherol and antioxidant enzymes. Phenolic compounds are found in many foods and 

beverages. Epidemiological studies have shown that these compounds have protective 

effects against coronary heart disease (Hertog et al., 1993), cancers (Mukhtar and Ahmad, 

2000) and neurodegenerative diseases (Hu et al., 2007). In addition, phenolic compounds 

support food quality and flavour. The presence of antioxidants in food is important since 

oxidation reactions give rise to changes in odour, colour and flavour. Phenolic 

compounds not only have antioxidant activity but also antimicrobial properties (Taylor et 

al., 2005). In order to enhance quality and to extend the shelf-life of foods, antioxidant 

additives have been used in the food industry. Due to health concerns about synthetic 

additives, researchers have been studying natural sources such as plants and their extracts. 

In those natural sources, phenolic compounds have been found to be effective ingredients 

as additives.  

Currently, there are various techniques for antioxidant determination. The most frequently 

used method for the determination of total phenolics, and also for total antioxidants, is the 

Folin-Ciocalteu (FC) assay, which is a spectrophotometric method. The FC assay 

provides the total antioxidant level; however, it is not selective. In addition, some non-

antioxidant chemicals such as aromatic amines, sugars, and Fe(II) can interfere with the 

reaction and causes a higher reading to be obtained. Radical scavenging assays are based 
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on spectrophotometric measurements and are also used for the determination of total 

antioxidant capacity. The antioxidant activity is related to the total antioxidant 

concentration; however, individual compounds have a different level of activity, so the 

overall result is not always proportional to the total concentration. Moreover, the 

spectrophotometric assays are generally sensitive to environmental conditions such as 

temperature and light (Prior et al., 2005). On the other hand, high-performance liquid 

chromatography (HPLC) is used in the quantification and identification of individual 

antioxidant chemicals, but it is not an easy, rapid or cheap approach. Consequently, the 

current techniques have several disadvantages such as sample pre-treatment requirements, 

unreliability, and long-time requirements. Therefore, there is a need to find reliable and 

quick methods for antioxidant determination. Recently, electrochemical techniques have 

been found to be promising for this purpose since they are generally easy-to-use, quick 

and reliable.  

In electrochemical antioxidant analysis, a glassy carbon electrode has most often been 

used. However, the electrode surface area is a limiting factor in terms of its sensitivity 

and capacity to respond to the full polyphenol content of a beverage.  For example; a 1 

mm dia. glassy carbon electrode is not suitable for testing the antioxidant contents present 

in undiluted teas and wines. Modified electrodes have been studied in order to improve 

the sensitivity and capacity of electrodes, and conducting polymers have been found to be 

useful in this regard. Among these, poly-(3,4-ethylenedioxythiophene) (PEDOT) is one of 

the promising conducting polymers for electrode modification, according to the previous 

studies (Türke et al., 2012, Pigani et al., 2009).  

1.1. The Outline of This Thesis 

Finding a reliable and quick method for the determination of antioxidants is crucial due to 

their important effects on human health and food quality. The aim of this thesis is to 

develop a new electrode sensor system, using PEDOT, for the analysis of antioxidants in 

beverages. This thesis is organized into seven chapters. Chapter 2 presents a general 

introduction and literature review related to the project. Chapter 3 describes the 

preparation of PEDOT electrodes and the optimization of the working conditions. Chapter 

4 outlines the use of the PEDOT sensor in the electrochemical analysis of a range of 

beverage samples and the main phenolic antioxidants present in these samples have been 

identified and quantified using HPLC analysis. The interpretation of the electrochemical 
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data is presented through a comparison of beverages with pure compounds and their 

combinations.  Then, Chapter 5 presents a comparison of the results of the 

electrochemical analysis with currently used spectrophotometric assays; namely the 

Folin-Ciocalteu method, ABTS and DPPH radical scavenging assays. In Chapter 6, the 

electropolymerization of 3,4-ethylenedioxythiophene (EDOT) in an aqueous environment 

is studied and the sensitivity obtained for target antioxidants is compared with that 

obtained using PEDOT electropolymerized in an organic solvent. Chapter 7 demonstrates 

a further modification of a PEDOT electrode with the entrapment of a tyrosinase enzyme, 

used for the oxidation and quantification of phenolic compounds. Lastly, Chapter 8 

concludes the thesis with a summary of the findings and provides recommendations for 

further research and applications. 
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Chapter 2 

Literature Review 

 

 

2.1. Antioxidants in Beverages 

Antioxidants are the substances that delay or prevent the oxidation of oxidizable 

substrates (Shahidi, 2000). They are often molecules that are reducing agents and interact 

readily with free radicals (Kilmartin, 2001). The most abundant antioxidant molecules in 

diet are phenolic compounds (Scalbert et al., 2005). Phenolic compounds are very 

effective antioxidant molecules due to their structure (Reisch, 2007), and  contain one or 

more hydroxyl groups bonded directly to an aromatic ring (Vermerris and Nicholson, 

2006a).  There are numerous classifications of phenolic compounds.  According to 

Harborne and Simmonds (1964), whose classification is based on the number of carbons, 

there are simple phenolics (C6), phenolic acids and related compounds (C6-C1), 

acetophenones and phenylacetic acids (C6-C2), cinnamic acids, cinnamyl aldehydes, 

cinnamyl alcohols, coumarins, isocoumarins and chromones (C6-C3), chalcones, aurones, 

dihydrochalcones, flavans, flavones, flavanones, flavanonols, anthocyanidins, 

anthocyanins (C15), biflavonyls (C30), benzophenones, xanthones, stilbenes ((C6-C1-C6), 

(C6-C2-C6)), quinones (C6,C10,C14), betacyanins (C18) etc. (Vermerris and Nicholson, 

2006a). On the other hand, a simple classification can be made by dividing phenolics into 

two groups, the non-flavonoids and the flavonoids (Figure 2.1.). Some commonly found 

non-flavonoid phenolic compounds are given in Figure 2.2. 

 

Figure 2.1. General flavonoid structure (Jackson, 2008) 
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Gallic acid 

 

 
Protocatechuic acid 

 

 
Syringic acid 

 

 
Vanillic acid 

 

 
Cinnamic acid 

 
p-coumaric acid 

 

 
Caffeic acid 

 

 
Ferulic acid 

 

 
Chlorogenic acid 

Figure 2.2. Structures of gallic, protocatechuic, syringic, vanillic, cinnamic, p-coumaric, caffeic, 
ferulic and chlorogenic acids (Vermerris, 2006) 

Green tea, black tea and coffee are the most widely consumed beverages in the world. It 

has been found that each kind of tea and coffee contains numerous phenolic compounds. 

Green and black teas are produced from the same plant ‘Camiella sinensis’. Green tea is 

made by minimal oxidation during the manufacturing processes and with fermentation, 

while black and oolong teas undergo fermentation. This fermentation is not an anaerobic 

breakdown reaction; it is an enzymatic oxidation process that causes the conversion of 

simple polyphenols into more complex polyphenols. Oolong tea is about half as 

fermented as regular black tea. The compounds formed as a result of the fermentation 

give the characteristic colour and flavours of teas (Mukhtar and Ahmad, 2000, Mario, 

2010, Zhengzhu et al., 2008b) 
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Green tea phenolic compounds mainly comprise flavanols, flavandiols, flavonoids and 

phenolic acids, which account for 30 % of the dry weight of green tea leaves. Most of 

their phenolic content is composed of flavanols, commonly known as catechins, 

especially (-)-epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-epigallocatechin 

(EGC) and (-)-epigallo-catechin-3-gallate (EGCG) (Figure 2.3.). Their concentration in 

green tea has been found to be EGCG (7-74 mg/g) > EGC (0-55 mg/g) > ECG (1-42 

mg/g) > EC (0.1-17 mg/g) > catechin (0-8 mg/g). Therefore, EGCG and ECG in green tea 

have been used as quality markers. During the fermentation process of black and oolong 

teas, the catechins are converted into theaflavins and thearubigins, which provide the 

major phenolic content (Figure 2.4.) (Mukhtar and Ahmad, 2000, Shahidi, 2000, Mario, 

2010). About 85% of the simple catechins were found to be removed during the black tea 

production process. Although most of the catechin content is converted into other 

complex polyphenols, analyses have shown the total catechins to be between 5 and 21 

mg/g in black teas (Balentine et al., 1997, Mario, 2010). 

 

Epicatechin 

 

Epigallocatechin 

 
Epicatechin gallate 

 
Epigallocatechin gallate 

Figure 2.3. Structures of epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG) 
and epigallocatechin gallate (EGCG) (Reisch, 2007) 
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Theaflavin 

 
Thearubigin 

Figure 2.4. Structures of representative theaflavins and thearubigins (Vermerris, 2006) 

The phenolic profile has been found to be varied in different teas and coffees. For 

example, it has been reported that flavanones, isoflavones and flavones were not present 

in green and black teas, but these compounds are characteristic of mint tea. Moreover, the 

phenolic content of sage tea is mostly composed of flavones (Atoui et al., 2005). On the 

other hand, the phenolic content of coffee is mainly due to derivatives of caffeic and 

ferulic acids, and chlorogenic acids has been found to be the major phenolic compounds 

present in coffee (Cohen, 2000). 

There are a number of possible antioxidant mechanisms for phenolic compounds, such as 

electron/proton transfer and the chelation of pro-oxidative metals (Balentine et al., 1997). 

One of the main antioxidant modes of action is based on the donation of a hydrogen atom 

to a radical (e.g. ROO•), and the formation of a relatively stable and unreactive radical 

molecule, the phenoxy radical (PP•). The formed PP• radical then reacts with other free 

radicals, and this stops the unwanted propagation of free radicals (Bravo, 1998). 

 

ROO• + PPH   ROOH + PP• 

RO• + PPH  ROH +PP• 

 

 
 
 

Formation of phenoxy radicals (PP•) 

ROO• + PP•  ROOPP 

RO• + PP•  ROPP 

 
Scavenging radicals 
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The antioxidant activity of a phenolic compound is dependent upon its chemical structure. 

While phenol itself has no antioxidant activity, ortho and para diphenolics show marked 

activity. It has been found that flavonoids have quite high antioxidant activity. The 

structure of flavonoids often includes an o-diphenolic group on the flavonoid B-ring 

(Figure 2.1.), while an additional hydroxyl group at 5’ on the B-ring make a contribution 

to the antioxidant activity. Moreover, the hydroxyl groups at 5 and 7 positions on the A- 

ring also are thought to be responsible for antioxidant activity however, the oxidation of 

these hydroxyl groups is too hard to have antioxidant effect directly. In addition, 

flavonoids with a 2-3 conjugated double bond increase the antioxidant activity. Also, a 

gallate group at 3 position on the C ring such as epicatechin gallate increase the 

antioxidant activity.  (Bravo, 1998, Zhengzhu et al., 2008a, Heim et al., 2002). 

Numerous studies strongly support the idea that phenolic compounds contribute to the 

prevention of cardiovascular diseases (Hertog et al., 1993, Kuriyama et al., 2006), cancers 

(Mukhtar and Ahmad, 2000, Nichenametla et al., 2006, Ogunleye et al., 2010), and 

osteoporosis (Pandey, 2009) and play a role in the prevention of neurodegenerative 

diseases (Hu et al., 2007) and diabetes mellitus (Scalbert et al., 2005, Iso et al., 2006, 

Elangovan et al., 2000). Epidemiologic studies have shown that aortic lesion formation in 

rabbits fed with cholesterol-enriched diets was reduced by 31% following green tea 

consumption (Tijburg et al., 1997). In addition, it has been suggested that the 

consumption of three or more cups of tea a day was good for protection against 

Parkinson’s Disease (Hu et al., 2007). In a study on breast cancer (Mittal et al., 2004), 

treatment with EGCG was found to be effective in the inhibition of the proliferation and 

viability of cancer cells (Sun et al., 2006). 

Antioxidant compounds also play an important role in the maintenance of food quality 

and food shelf-life (Reisch, 2007). For this reason, they are also added to foods and 

beverages. The most common synthetic antioxidants in foods are butylated 

hydroxyanisole (BHA), butylated hydroxytoluene (BHT), propyl gallate (PG) and tert-

butylhydroquinone (TBHQ) (Shahidi, 2000). However, there are toxicological and 

nutritional concerns about synthetic additives. Therefore, researchers have been working 

on natural additives such as plant extracts. It has been found that teas and tea extracts are 

promising natural additives for the food and cosmetic industries (Yilmaz, 2006). 
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Sulfites such as sulfur dioxide, sodium sulfite and metabisulfites, are reducing agents that 

are antioxidants used to prevent flavour and colour degradation in beverages and fruits. 

They are found naturally in wine to some extent, and they are also added into wine as a 

preservative. At high pH only, sulfites react with molecular oxygen to form sulfates. They 

also act as reducing agents, and can reduce oxidised phenolics (e.g. quinones) back to the 

original phenolics, and thus limit browning reactions (Reisch, 2007).  

2.1.1. Antioxidants Determination Methods 

The determination of the antioxidant content of various samples has been undertaken 

using various spectrophotometric and chromatographic methods. The most commonly 

used method is the Folin-Ciocalteu assay. In this method, the Folin-Ciocalteu reagent is 

used to determine the concentration of soluble phenolic compounds, based upon a 

reaction between the phosphomolybdate reagent and phenolic hydroxyl groups, and the 

result is expressed as the total phenolic content in gallic acid or caffeic acid equivalents 

(Vermerris and Nicholson, 2006b). Although the Folin-Ciocalteu assay has many 

advantages such as simplicity and reproducibility, it is difficult to compare samples which 

have very different phenolic profiles, since different phenolic compounds have a different 

reactivity with the reagent. (De Beer et al., 2004) Another important disadvantage of the 

Folin-Ciocalteu assay is that sulfur dioxide, reducing sugars and ascorbic acid are known 

to interfere in the determination. Moreover, sulfur dioxide and reducing sugars can react 

synergistically (Blasco et al., 2005). 

Another method, the dimethylaminocinnamaldehyde (DAC) assay, is used to measure 

flavan-3-ols. This method is based on the reaction with an aldehydic reagent in an acidic 

medium. Flavan-3-ols are measured by the reaction with reagents such as vanillin or 4-

dimethylaminocinnamaldehyde (DAC) in an acidic solution. However, this method has a 

disadvantage as the DAC reacts with the aromatic ring on all free m-hydroxyl groups on 

the flavonoid A-ring, such as proanthocyanidins (De Beer et al., 2004). The butanol-HCl 

assay is used for the determination of condensed tannins. This assay is based on the 

oxidative cleavage of proanthocyanidins with ferrous sulfate and the results are expressed 

as cyanidin equivalents. Moreover, condensed tannins can be determined by precipitation 

with formaldehyde. In addition, the potassium iodide and rhidanine assays are 

colorimetric methods for the determination of hydrolysable tannins (Vermerris and 

Nicholson, 2006b). The determination of proanthocyanidins can be made based upon the 
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colour change from the cleavage reaction of proanthocyanidins with the Bate-Smith 

reagent (De Beer et al., 2004). 

For the identification of phenolic compounds, thin layer chromatography, liquid 

chromatography (high performance liquid chromatography (HPLC) and liquid 

chromatography-mass spectrometry (LC-MS)) and gas chromatography techniques have 

been used (Vermerris and Nicholson, 2006b). Reverse-phase high performance liquid 

chromatography (RP-HPLC) is most widely used for both the identification and 

quantification of monomeric phenolic compounds (De Beer et al., 2004). However, it has 

been found that the RP-HPLC method is not always suitable for the quantification of 

specific phenolics, such as epicatechin and epicatechin gallate in wines (De Beer et al., 

2004). 

In the analysis of antioxidant molecules, electrochemistry has also been applied. HPLC-

with an electrochemical detector (ECD) has been used to monitor various compounds 

such as ascorbic acid, uric acid, cysteine (Chevion et al., 1997a), tocopherols, coenzyme 

Q10, carotenoids (Finckh et al., 1995), and phenolic constituents (Roston and Kissinger, 

1981). Generally, ECD detection shows 10-50 times lower detection limits (picomolar 

level) than UV-visible detectors (Kilmartin, 2001).  

Since foods and beverages have numerous phenolic compounds, including many 

unidentified compounds, it is not easy to characterize the complete phenolic content by a 

single method. For this reason, using a combination of assays has been recommended in 

order to obtain the best phenolic characterization of a sample (De Beer et al., 2004). 

The chromatographic and spectrophotometric methods have some disadvantages; 

 Requirement of sample pre-treatment 

 Expensive 

 Time consuming 

 Unsuitable for field studies and in-situ monitoring 

 Unsuitable for online monitoring 

 Unsuitable for rapid processing of multiple samples 

 Requirement of  highly trained manpower (Sołoducho and Cabaj, 2013, Prehn 

et al., 2012) 
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In order to overcome these problems, electrochemical methods have been suggested for 

the determination of antioxidants, such as cyclic voltammetry, differential pulse 

voltammetry, square wave voltammetry, linear sweep voltammetry and amperometry. In 

a study on the total phenolic content of food extracts from green tea, grapes and olives, 

differential pulse voltammery has been used, and the results compared to HLPC/DAD 

analyses  (Romani et al., 2000). HPLC/DAD gave more accurate results, however, 

differential pulse voltammetry was found to be very suitable for a quick analysis. In 

another study, differential pulse voltammetry has been used to test fruit juices (Blasco et 

al., 2004). The voltammograms of the samples were compared with those obtained for 

individual phenolic compounds. Furthermore, both square wave voltammetry and cyclic 

voltammetry have been used for red wine analysis (Parra et al., 2004). Square wave 

voltammetry has been found to be better in terms of discrimination performance. The 

determination of catechin in green tea has been performed by square wave voltammetry 

using a modified gold electrode via self-assembly of a monolayer of a nickel(II) complex 

and a thiol (Moccelini et al., 2009).  

The total phenolic content (TPC) determination can be performed by amperometric 

techniques as well. For example, the TPC value of wine has been evaluated using a glassy 

carbon electrode coupled to a flow injection analysis (FIA), and the results gave a good 

correlation with the Folin-Ciocalteu assay (Mannino et al., 1998). Cyclic voltammetry has 

also commonly been used in antioxidant analysis, as will be explained in more detail in 

the next section, as it is used the most widely in this thesis. 

While spectrophotometric methods are typically based on the reaction of phenolic 

compounds with a reagent, electrochemical methods are based on the oxidation of 

compounds. A major issue with electrochemical methods is the cleaning of the electrode. 

On the other hand, an advantage is that no chemical reagents are needed, other than an 

electrolyte for diluting certain samples. In addition, the electrochemical methods are fast, 

easy-to-use and exhibit good precision (Blasco et al., 2005). 
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2.2. Cyclic Voltammetry 

Cyclic voltammetry is an electrochemical method carried out by scanning the potential at 

a controlled rate and measuring the current during oxidations or reductions (Kilmartin, 

2001). The potential is altered linearly with time (Figure 2.5A), in a system composed of 

three electrodes: a counter, working and reference electrode (Figure 2.5B).  

A 

 

B 
 

Figure 2.5. The plot of potential vs. time during cyclic voltammetry (A), and a typical three-
electrode cell arrangement (B) 

The obtained current vs. potential plot is named as a voltammogram (Figure 2.6.). The 

important parameters obtained from a voltammogram are Ia (anodic peak current), Ic 

(cathodic peak current), Ea (anodic peak potential), and Ec (cathodic peak potential). 

According to the Randles-Sevcik equation, the peak current, I, for an electrochemically 

reversible system, is described as follows:  

I = (2.69X105) n3/2 A D1/2 v1/2 C 

Where I is the peak current in Amperes, n is the electron stoichiometry in equivalents per 

mole, A is the electrode area in square centimetres, D is the diffusion coefficient in square 

centimetres per second, C is the concentration in moles per cubic centimetre and v is the 

potential scan rate in volts per second (Chevion et al., 2000). 
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Figure 2.6. The plot of current vs. potential obtained during cyclic voltammetry, with parameters 
Ea, Ec, Ia and Ic indicated on the graph. 

At the electrode surface, the oxidized and reduced forms quickly establish equilibrium for 

a reversible redox reaction. The relation between electrode potentials and concentrations 

at the electrode surface is established according to the Nernst equation; 

ln  

Where [R] and [O] are the concentrations of reduced and oxidized forms at the electrode 

surface, R is the universal gas constant, T is absolute temperature, F is Faraday constant 

and E⁰ is the formal potential of the reaction. The midway potential (Emid) during cyclic 

voltammetry defined as (Ea + Ec)/2, is used for an estimate of the formal potential. 

Cyclic voltammetry (CV) is used to provide an electrochemical measurement of 

antioxidant molecule content and activity. Ep/2 is the potential where the current reaches 

half of the peak maximum, a component specific and concentration independent value 

(Chevion et al., 1999). It has been demonstrated that both the peak current (Ia) of the 

anodic wave and the area under the anodic peak (Q) has a linear relationship with the 

concentration of standard antioxidant compounds (Chevion et al., 2000). 

For estimation of the degree of reversibility, the ratio of the cathodic peak current to the 

anodic peak current (Ipc/Ipa) is used; a value closer to one indicates a more reversible 

system. The difference between anodic and cathodic peak potentials is influenced by the 

electrode process and the rate of charge transfer. For a fully reversible process, the peak 
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potential separation (ΔEp) approaches a value around 59 mV/n (at 25⁰C) where n the 

number of electrons transferred in the redox reaction (Christensen, 1994, Kilmartin et al., 

2001). A value higher than 59 mV/n indicates a slow charge transfer for a quasi-

reversible system (Hamann, 2007). In addition, the forward scan peak current (Ip) is 

proportional to the square root of the scan rate (v)  when the current is controlled by 

diffusive mass transport. 

Voltammetric measurements in aqueous solution are pH dependant because 

deprotonation/protonation may affect the addition or removal of an electron from the 

molecules. Considering the following general half-cell process: 

A + m H+ + n e-  B 

with Nernst equation for the electrode potential: 

ln  

In the case of equal activities  of A and B; 

2.303  

where RT/F is equal to 25.7 mV (R =  8.314 V C K-1mol-1, T = 298 K and F = 96500 C 

mol-1). Therefore, the half-cell potential is expected to be linear in pH with a slope of -59 

mV per pH at 25⁰C (Compton, 2011, Rieger, 1994), so long as the reaction involves the 

same number of electrons and protons (n=m).  According to the experiments on the pH 

dependence of reactions (Dimitrić Marković et al., 2003a, Dimitrić Marković et al., 

2003b, Driebergen et al., 1990), the observed slope values were found to be indicative of 

four oxidation processes:  

The slope Oxidation process 

0 Without H+ participation 

-29.6 With participation of twice the number of e- with respect to that of H+ 

-59.1 With participation of an equal number of e- and H+ 

-118.4 With participation of the number of H+ double to that of e- 
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Electrochemical reaction mechanisms can involve a chemical reaction, which also might 

cause an irreversible CV. In descriptions of reaction mechanisms, E and C notations are 

often used, where E stands for an electrochemical reaction involving one electron transfer 

at the electrode, while C stands for a chemical reaction that is coupled to an electrode 

reaction. In the case of an EC mechanism, a chemical reaction follows the 

electrochemical reaction, and the reverse peak is either diminished or disappears. The 

difference in reversibility of chemical and electrochemical reactions also affects the shape 

of the voltammogram (Gosser, 1993).  

Electroactive species may significantly interact with the electrode surface and those 

adsorbed species will go into the electrochemical process. In the case of adsorption, the 

voltammogram is observed differently than one in which the species are in solution, 

because there is no mass transport step in this situation. The voltammogram of adsorbed 

species is characterized by symmetric cathodic/anodic wave shapes, where the areas 

under the peaks are equal, since all adsorbed compounds are oxidized and reduced. 

Moreover, the current peak decays to zero since there is a fixed amount of reactant. In 

addition, the peak current is directly proportional to scan rate in contrast to solution phase 

voltammetry under diffusion control where it is proportional to the square root of scan 

rate (Gosser, 1993).   

It has been found that a glassy carbon electrode (GCE) as a working electrode is the most 

suitable for organic molecule analysis. In contrast with most metal electrodes, the GCE is 

generally resistant to solvent effects. In addition, it has been found that very small 

background currents are obtained using GCE, and for this reason it has been suggested 

that GCE is a more suitable for analysing natural antioxidants electrochemically 

(Kilmartin, 2001). However, it has been reported that CVs with bare glassy carbon 

electrodes did not give good responses for glutathione (GSH), cysteine and oxidized 

glutathione. However, ultramicroelectrodes or other specially modified electrodes may be 

responsive to these compounds (Chevion et al., 2000). 

It is important that the working electrode is cleaned intensively before each measurement, 

since biological residues, oxidized molecules or dimers, and oligomers formed as 

oxidation products, can attach to the surface of the electrode and affect the sensitivity of 

the next measurement (Chevion et al., 2000). In the analysis of neurochemicals, it has 

been suggested that Nafion can be used to modify the electrodes in order to improve 
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selectivity. This material allows the cationic forms of various neurotransmitter molecules, 

but not ascorbate and urate anions, to reach the electrode (Kilmartin, 2001).  

In CV measurements, the preparation of a sample is often very simple and rapid and does 

not require advanced procedures. Moreover, the sensitivity of CV is satisfactory for the 

evaluation of the physiological concentrations of antioxidants (Chevion et al., 2000) and 

CV is also a very rapid method compared with the Folin-Ciocalteu and RP-HPLC 

methods (De Beer et al., 2004).  

Also, CV has been used to evaluate the total antioxidant capacity of the low molecular 

weight antioxidants (LMWAs) in human and animal plasma, other body fluids, animal 

tissue homogenates, and edible plant extracts (Chevion et al., 2000, Chevion et al., 1997a, 

Chevion et al., 1999). The total antioxidant capacity of the sample was described with 

two CV parameters; the biological oxidation potential (Ea), which reflects the specific 

reducing power of a component, and the intensity of the current (Ia), which reflects the 

concentration of the antioxidant components. An important property of CV is that the 

oxidation potential gives information about the antioxidant strength of a compound; the 

lower the oxidation potential, the greater then antioxidant activity.  Recently, it has been 

suggested that the area under the curve (Q), which is related to the charge, provides a 

better evaluation of the total antioxidant capacity of a sample. Using Q has advantages 

especially when only one (broad) peak can represent more than one component (Chevion 

et al., 2000). In another study, plasma antioxidant capacity was analysed by CV and the 

area under the voltammetric curve was correlated with other spectrophotometric 

antioxidant assays (Martinez et al., 2006). CV is a useful technique to evaluate strong and 

weak antioxidants by checking the oxidation potential values. For example, while Q400 

(the charge passed for a scan to 400 mV), can give the concentration of stronger reducing 

agents, a wider ranged Q value would include the weaker antioxidants as well.  

In one study on wines, a 6 mm dia. glassy carbon electrode was used in cyclic 

voltammetry. The phenolic content of the wine samples was determined based on formal 

potential values. The area under the anodic peak to 500 mV (Q500) was used to evaluate 

the total phenolic content as catechin equivalents, and the results were compared with the 

values obtained with the Folin-Ciocalteu reagent (Piljac et al., 2004). In the case of wine 

analysis, a disadvantage of using Q500 has been reported. The major wine anthocyanins, 

and a major fraction of white wine phenolics, show anodic peaks after 500 mV and thus 
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these phenols are not included in the result. In addition, since the products of polyphenol 

oxidation accumulate on the electrode surface, quantification of these phenolic 

compounds is difficult at higher potentials (De Beer et al., 2004). However, it is possible 

that film covered electrode can overcome these difficulties and provide better analytical 

result.  

2.3. Enzymes 

Enzymes are protein catalysts which increase the rate of biochemical reactions without 

being depleted during the reactions. Substrate molecules bind to the active site of 

enzymes and form an enzyme-substrate complex. Enzymes affect the reaction by 

lowering the activation energy of the reaction and increasing the reaction rate.  According 

to the Enzyme Commission (E.C.), enzymes are divided into six classes, given in Table 

2.1 (Purich, 2010). 

Table 2.1.  Enzyme classes according to the Enzyme Commission. 

No Name of the class The reaction catalyses 

1 Oxidoreductases Oxidation/reduction 

2 Transferases Group transfer reaction 

3 Hydrolases  Hydrolytic cleavage of covalent bonds 

4 Lyases 
Addition and elimination of functional groups to unsaturated and 
saturated carbon atoms 

5 Isomerases Rearrangement of atoms or group of atoms 

6 Ligases  Joining of molecules or functional groups 

 

Enzymes have various advantages over chemical catalysts. The most important properties 

are their selectivity and specificity. Enzymes are selective for a specific reaction 

compared to chemical reactions. Enzyme specificity comes from their ability to catalyse a 

particular reaction of a particular substrate to a product. Also they have the ability to 

catalyse the reaction at extremely low substrate concentrations. 

The first explanation of the mechanism of enzymes was proposed by Emil Fischer in 

1894. According to this hypothesis, which is called the Lock-and-Key model, the 
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substrate acts as a specific key molecule and binds to the active site which acts like a 

lock. However, it was later understood that the first substrate-enzyme interaction is weak; 

followed by an induced conformational change to form stronger binding to the active site. 

After the enzymatic reaction completes, the conformation of the enzyme turns back to its 

original state. Thus, the Induced-Fit hypothesis was proposed by Daniel Koshland in 1958 

(Figure 2.7.).  

 
Figure 2.7. Induced-Fit model (Stenesh, 1998) 

The amount of substrate converted per unit time by a certain amount of enzyme is called 

the enzyme activity. The most commonly used activity units are the enzyme unit (EU) 

and the specific activity. The amount of enzyme that catalyses the reaction of 1 µmol of 

substrate per minute is defined as 1 enzyme unit (EU= 1 µmol min-1). Whereas, specific 

enzyme activity is related to the protein concentration and is defined as the activity of an 

enzyme per 1 mg of total protein (1 µmol min-1 mg-1).  The enzyme activity varies with 

pH, temperature, ionic strength, concentrations of substrate, enzyme and cofactor, and 

also the concentration of any inhibitors or activators present. The breakdown of the 

interactions which support the enzyme conformation causes damage to the enzyme and is 

termed a denaturation (Stenesh, 1998).  

Enzymes are amphoteric molecules due to presence of acidic and basic amino acid 

residues. The pH of the environment affects the charge on these acidic and basic groups. 

The pH where the net charge on the enzyme is zero is called the isoelectric pH or isotonic 

point. The enzyme will be positively charged at pH lower than its isotonic point and 

negatively charged at a higher pH. The pH change affects intramolecular interactions and 
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enzyme conformation, and thus changes the enzyme activity. Similarly temperature 

affects the intramolecular interaction and changes the enzyme activity.   

An enzyme can be composed of several subunits that have their own active sites. The 

binding of one substrate affects the affinity of other active sites by changing their 

conformation. If the first binding increases the affinity of another site, it is called positive 

cooperativity. On the other hand, in the case of negative cooperativity; the binding of one 

substrate decreases the affinity of the other active site. A typical example is the binding of 

oxygen to haemoglobin, which has four subunits. The binding of one oxygen molecule 

changes the conformation and increases the affinity for oxygen, thus the second oxygen 

binds more easily. The second binding molecule can also affect a third subunit, and then 

the binding of the third oxygen molecule influences a fourth subunit. (Mathews, 2000).  

2.3.1. Immobilization 

The definition of an immobilized enzyme is the physical localization of an enzyme at an 

interface or inside a film, while maintaining its catalytic activity. In selection of the 

immobilization method, it is important to avoid altering the conformation and affecting 

the active site of the enzyme, or binding the enzyme from an active site in order to protect 

against inactivation of the enzyme after the process. There are four main types of 

immobilization techniques: covalent bonding, intermolecular cross-linking, adsorption 

onto a matrix and entrapment into a matrix. The covalent bonding technique is based on 

the formation of a covalent bond between functional groups on the enzyme surface 

(amino acid residues) and the functional groups present on the matrix surface. 

Intermolecular cross-linking is based on formation of cross-linking between the enzyme 

and bifunctional or multifunctional reagents. The most commonly used chemical for this 

technique is glutaraldehyde. Adsorption is the simplest method based on physical 

adsorption on the surface of a matrix. Lastly, entrapment is trapping an enzyme into an 

insoluble matrix, which allows the substrate and product molecules to pass, but protects 

the enzyme from escaping (Moehlenbrock and Minteer, 2011).  
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2.4. Conducting Polymers 

Conductive polymers (CPs) are organic polymers that have intrinsic conductivity. One of 

the most fundamental discoveries of CPs was in 1977, with the finding of the high 

conductivity of doped polyacetylene. In 2000, the Nobel Prize in Chemistry was given 

jointly to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa for “the discovery 

and development of conductive polymers”. This was the discovery of simple organic 

conjugated hydrocarbons combined with high conductivity by doping with halogens 

(Elschner, 2011, Shirakawa, 2001).  

Polymerization of CPs can be performed either by adding an external agent (chemical 

synthesis) or by an electrochemical approach. In chemical polymerization, oxidizing 

chemicals such as (NH4)2S2O8, FeCl3 are added into the preparation solution (Lange et al., 

2008) and the polymerization occurs by reaction of monomers with an excess of the 

oxidant with constant stirring. In the second method, an electrochemical technique is 

performed by applying a suitable potential to a system composed of working, reference 

and counter electrodes in a solution containing a suitable monomer and electrolyte. Then, 

a film forms on the surface of the working electrode (anode). The major advantages of 

electrochemical techniques are the ability to control the thickness of the film by changing 

the potential and the lesser time requirement for polymerization than with the chemical 

polymerization technique. However, the electrochemical approach is not suitable for 

large-scale production due to the low yields obtained. Chemical polymerization is used 

when bulk polymer samples are needed. (Guimard et al., 2007).  

Generally, the neutral (uncharged) states of these polymers are semiconductors and they 

are generally considered to be pristine. The formation of charge carriers by oxidizing (p-

doping) or reducing (n-doping) the conjugated polymer backbone creates the intrinsic 

conductivity. After oxidation of the uncharged polymer and following relaxation, 

localized electronic states (polarons) are formed. When an electron is removed, it 

becomes more favourable to remove a second electron from the polaron, rather than to 

from another polaron at another location on the polymer. As a result, a bipolaron is 

formed and the charge is carried through via these polarons and bipolarons (Lange et al., 

2008). 
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CPs can be doped either chemically or electrochemically. Chemical doping is performed 

by exposing the CP to oxidizing vapours such as iodine. Although chemical doping is 

effective, it is also poor in terms of reproducibility. In electrochemical doping, a potential 

is applied to the electrochemical cell containing polymer film-coated working electrode. 

The potential difference between electrodes causes charging and movement of counter 

ions from the electrolyte into the polymer film (Lange et al., 2008). The degree of 

oxidation/reduction is called the doping level of the polymer and it is generally measured 

as the ratio of counter ions per monomer unit (Chandrasekhar, 1999).  

The most common conducting polymers are polyheterocycles, and polyaminoaromatics, 

due to their electrical conductivity, stability and ease of preparation. Polypyrrole, 

polyaniline and poly(3,4-ethylenedioxythiophene) (PEDOT) are the most intensively 

studied polymers due to their general stability, wide applicability in technology and their 

specific properties (Naarmann, 2004, Hsu, 2009). The structures of these polymers are 

shown in Figure 2.8. 

 

Polypyrrole (PPy) 

 

Polythiophene (PT) 

 

Poly(3,4-ethylene 
dioxythiophene) 

(PEDOT) 

 

Polyaniline (PANI) 

Figure 2.8. The structures of polypyrrole, polythoiphene, poly(3,4-ethylenedi-oxythiophene) and 
polyaniline (Guimard et al., 2007) 

Although CPs have been most widely appreciated for their conductivity, the doping of 

CPs also give rise to other property changes, which can be used in different fields.  CPs 

are used in electrochromic displays and in optical sensors, due to the change of their 

optical properties in the UV-visible and NIR-region. While some electroluminescent CPs 
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are used in OLEDs, photoluminescence CPs can be used in fluorescence sensors. 

Moreover, they are used in ion-exchange membranes for compensation of the charges of 

the polymer backbone by the incorporation of ions. Another area of application of CPs is 

as artificial muscles, due to their swelling properties upon oxidation (Lange et al., 2008). 

 Another important point is that CPs can be used in modified or unmodified forms as a 

receptor material to develop chemical and biological sensors. For this reason, CPs offer a 

wide range of possible applications. Due to various potential applications of CPs in both 

chemical and biological fields, there has been much research on the characterization, 

modification and application of these polymers. The required selectivity for various 

analytes can be obtained by using their different redox behaviour and specific chemical 

interactions. The oxidation of compounds occurs by an electron transfer from the analytes 

to the oxidized polymers. The measurement of the current of reoxidation of the reduced 

polymer provides information about this process (Lange et al., 2008). 

2.4.1. Poly(3,4-ethylenedioxythiophene) (PEDOT) 

Poly(3,4-ethylenedioxythiophene) is a conducting polymer that is made from the 

3,4-ethylenedioxythiophene (EDOT) monomer. As previously mentioned, polymerization 

of EDOT can be carried out by both chemical and electrochemical methods. 

Electrochemical techniques are used to polymerize EDOT on working electrodes in this 

thesis. The general electrochemical polymerization mechanism is shown in Figure 2.9. 

Oxidation of EDOT monomer produces a radical cation which can then couple another 

radical cation. The formed dimer becomes a radical by oxidation, then radical coupling 

produces a longer chain. The following radical formation and coupling produce longer 

chains of EDOT units.  

Advantageous properties of PEDOT are its low oxidation potential, high stability and 

high conductivity in the oxidized state (Rozlosnik, 2009). In addition, according to some 

authors, PEDOT has been found to be well suited for biological tissue applications (Kim 

et al., 2007) and to biosensors (Kros et al., 2005, Yamato et al., 1995), and more so than 

polypyrrole. 
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Figure 2.9. Electrochemical polymerization of conducting polymers (Reynolds and Skotheim, 

2007)  

In the oxidised state, PEDOT possesses a positive charge, is conductive and of a light 

blue colour. Due to the positive charge, counter ions are used to neutralize the overall 

charge of the PEDOT chain. An example the oxidation/reduction state of PEDOT is 

shown in Figure 2.10, where Cl- is a counterion and the doping level is related to number 

of Cl- ions present (m). On the other hand, PEDOT in the reduced state is neutral, non-

conductive and a dark colour (Groenendaal et al., 2000, Lock et al., 2007).  

 
Figure 2.10. Oxidation-reduction of PEDOT  
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PEDOT has been used in numerous fields; as sensors for wine analysis (Pigani et al., 

2011), neural probes (Cui and Martin, 2003), for controlled drug release from PEDOT 

nanotubes (Abidian et al., 2006), in solar cells with a PEDOT:PSS layer (Eom et al., 

2009), for the detection of glucose by glucose oxidase entrapped-PEDOT nanofibers 

(Layton and Abidian, 2011) and many more. 

2.5. Conducting Polymer Based Sensors 

2.5.1. Chemical Sensors 

Many chemical sensors based on CPs have been developed to detect fire residues 

(Scorsone et al., 2006), aromatic hydrocarbons (Barisci et al., 2002), microbial and 

chemical pollutants in water (Canhoto and Magan, 2005, Bourgeois and Stuetz, 2002), for 

the analysis of wines (Guadarrama et al., 2000a, Pigani et al., 2008) and olive oils 

(Guadarrama et al., 2000b, Guadarrama et al., 2001). Used in arrays they can become part 

of artificial noses or tongues, depending on whether they are sensing gaseous or liquid 

analytes (Lange et al., 2008). 

One application of conducting polymers is in detection of gases, which chemically react 

with CPs or physically adsorb on CPs. For instance, a multilayer conductometric sensor 

to detect gaseous HCl was designed by polymerization of aniline and EDOT on a 4-

amino-thiophenol modified gold electrode (PEDOT/PANI/pATP/Au) and it has been 

reported that PANI provided a sensing property while PEDOT supported chemical 

stability against gaseous HCl  (Hao et al., 2005). Moreover, CPs can be used as 

transducers or as components of transducers due to their strong and reversible influence 

of oxidation/reduction processes, protonation/deprotonation and conformational changes 

on their electrical and optical properties (Lange et al., 2008). 

The electronic band structure of CPs can be changed at different redox or protonation 

states. In this way, UV-visible spectroscopic measurements can be used to look at the 

interaction of analytes that oxidize/reduce or protonate/deprotonate a CP as an optical 

transducer. Some of the chemical sensors developed based on this property are for HCl 

(Ewbank et al., 2004), NH3 (Christie et al., 2003), O3 (Ando et al., 2002) and pH (de 

Marcos and Wolfbeis, 1996). Moreover, optical absorption can be altered by changing the 

conformation of a CP due to binding of analytes. This property was used in the detection 
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of divalent cations and adenosine triphosphate (ATP) (Li et al., 2005, Ewbank et al., 

2004, Lange et al., 2008). 

Voltammetric and amperometric transducers can be designed using CP-based detection 

from the current that arises from either electrocatalysis or ion flux into and out from the 

CP during oxidation/reduction processes (Lange et al., 2008). For example, molecular 

imprinted polymer-particles were used in the synthesis of PEDOT to develop an 

amperometric detection of  morphine (Ho et al., 2005).  

CPs have also been used as redox mediators, which are redox active molecules that can 

shuttle electrons between two other compounds in solution or between a compound in 

solution and THE electrode (Bard et al., 2012). Four electron transfer routes are possible 

for polymer modified electrodes acting as redox mediators, as shown in Figure 2.11., (1a) 

electron hopping mechanism, (1b) diffusion of the redox site within the film, in the case 

of permeable polymer layers (2a) diffusion of analyte through the layers, or (2b) through 

channels or pinholes (Edwards et al., 2007). For example, PANI covered-Pt disk 

electrodes have been used for amperometric detection of ascorbic acid in beverages 

(Kilmartin et al., 2008). In this study, when a positive potential was applied, ascorbic acid 

was oxidised to dehydroascorbic acid and the oxidized PANI units were reduced by 

ascorbic acid, then those reduced units were oxidised back by the electrode, producing 

more current and better detection of ascorbic acid.  

 

Figure 2.11. Redox mediation process in conducting polymers. Redox molecules A + e = D, 
solution based analyte O + e = R (Edwards et al., 2007) 
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CPs have been used for the analysis of several important biological analytes. There has 

been much research undertaken on the determination of ascorbic acid (AA), uric acid 

(UA) and dopamine (DA) in biological samples. These compounds usually coexist in 

bodily fluids and the concentration of DA is very low compared to the level of AA and 

UA. It is hard to detect dopamine selectively using conventional electrodes, because the 

adsorption of oxidized products causes surface fouling, and the coexistence of ascorbic 

acid of a similar oxidation potential (and at much higher concentration than dopamine), 

can interfere with the measurement. Dopamine has been selectively detected in the 

presence of ascorbic acid by a PEDOT covered glassy carbon electrode. PEDOT afforded 

a significant peak separation (0.2 V vs. Ag/AgCl) between ascorbic acid and dopamine. 

(Kumar, 2006). Later, in another study, it has been found that PEDOT film on a Pt 

electrode in the presence of SDS can selectively determine DA by CV when AA and UA 

were present in sample solution (Atta et al., 2011). Similarly, the detection of uric acid 

was also performed in the presence of ascorbic acid using PEDOT electrodes and a peak 

separation of 365 mV has been achieved (Kumar et al., 2005b).  One principal advantage 

of using CP electrodes, over conventional metal or glassy carbon electrodes, is thus the 

better separation of oxidation or reduction peaks in the voltammograms for the different 

analytes (Lange et al., 2008). In order to improve the sensitivity of dopamine detection, 

gold nanoparticles were incorporated into PEDOT films (Kumar et al., 2005a, 

Mathiyarasu et al., 2008). 

PEDOT has also been a popular conducting polymer for other analytes. PEDOT-modified 

electrodes have been used for ascorbic acid determination using differential pulse 

voltammetry (Bello et al., 2007b). As a result, the sensitivity and detection limit of the 

bare platinum electrode have been enhanced by covering with a PEDOT film. PEDOT 

modified electrodes have been used for classification of red wines by cyclic voltammetry 

and differential pulse voltammetry techniques (Pigani et al., 2009). Measurements have 

been performed without any pre-treatment of the wine samples. Further modification of 

PEDOT electrodes has been performed with Pt and Au nanoparticules and the resulting 

electrodes have been used to discriminate white wines using differential pulse 

voltammetry (Pigani et al., 2008). Red wine analyses have been performed with a PEDOT 

electrode in order to develop a fast pre-screening routine control procedure (Pigani et al., 

2011).  
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2.5.2. Biosensors  

Chemical sensors work very well under certain conditions, but they are not as specific 

and selective as biosensors. Biosensors contain a transducer and a biological recognition 

component such as a microorganism or enzyme, as shown in Figure 2.12. The reaction 

between the biological component and the analyte produces an effect, and then the 

transducer converts this to a measurable signal (Rozlosnik, 2009). Designing biosensors 

has become a very popular research subject. Several CPs have been used to develop 

biosensors (Guimard et al., 2007). Generally, electron transfer takes place from the 

biological component to the electrode using mediators incorporated into the CP. It is also 

possible that the CP itself acts as a mediator within the biosensor (Lange et al., 2008). 

The conventional procedures for immobilization of biological components have some 

disadvantages such as low reproducibility, and poor spatially controlled deposition. The 

entrapment during electrochemical polymerization of a conducting polymer has various 

advantages. The film thickness, size and geometry can be controlled, and the CP-enzyme 

system is formed in a reproducible, fast and one-step procedure (Ahuja et al., 2007). 

 
Figure 2.12. Schematic presentation of a biosensor 

There have been numerous biosensor approaches using conducting polymers to target 

biochemical analytes. Glucose sensors were designed by entrapping glucose oxidase 

within conducting polymers such as polyaniline (Ramanathan et al., 2000) and 

polythianaphthene (Compagnone et al., 1995). Other examples of biosensors are a 

cholesterol biosensor  with immobilization of cholesterol oxidase on poly-3’,4’-diamine-

2,2’,5’,2’’-terthiophene film (Abdelwahab et al., 2010), an urea biosensor by 

immobilization of urease on a polypyrrole film (Pandey and Mishra, 1988) and a DNA 
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biosensor by immobilization of DNA on polypyrrole-polyvinyl sulphonate films (Arora et 

al., 2006).  

2.6. Biosensors to Detect Phenolic Compounds 

The enzymes used in the biosensors to detect phenolic compounds are laccases, 

tyrosinase and horse radish peroxidase (HRP). These are a group of enzymes that catalyse 

the oxidation of a wide range of phenolic compounds (Sołoducho and Cabaj, 2013).  

Designing biosensors based on these enzymes has some advantages. They are cheap, 

simple to fabricate, reusable and of high stability and sensitivity. Another important 

advantage is that the detection of phenolic compounds can be performed between -0.2 and 

0.05 V vs. SCE (Sołoducho and Cabaj, 2013). Quinone molecules produced by the 

oxidation of phenolic compounds undergo polymerization at higher potentials and foul 

the electrode. However, this problem is eliminated by using a low potential application 

(Rajesh et al., 2004).  

Among these three enzymes, horse-radish peroxidase-based electrodes have been found 

to be faster and more effective compared to polyphenol oxidase-based sensors, due to the 

fact that the reaction of HRP with phenolic compounds is much faster. An HRP-based 

sensor also has a high sensitivity to a large number of phenolic compounds, which is an 

advantage unless higher selectivity is required. Although HRP biosensors are highly 

stable and efficient, they require hydrogen peroxide for their operation and its 

concentration is critical for biosensor performance. It should be added into solution to 

produce a signal. On the other hand, too high a concentration of hydrogen peroxide 

causes inhibition of the enzyme. In order to overcome this, a biosensor containing HRP 

and glucose oxidase was designed. While GOx produced hydrogen peroxide in situ, HRP 

used it to produce a response to phenolic compounds (Sołoducho and Cabaj, 2013).  In 

another study, tyrosinase was also added to the system (GOx and HRP), to obtain a higher 

sensitivity for a wider range of phenolic compounds (Serra et al., 2003). However, it 

becomes more complicated when using not only one, but three enzyme at the same time.  

It has been found that tyrosinase and laccase-based biosensors  are very sensitive, 

however, they have some limitations (Sołoducho and Cabaj, 2013). Laccase is more 

sensitive against toxic phenolic compounds than to non-toxic natural phenolic 
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compounds. Due to difference in substrate specificity and mechanisms of tyrosinase and 

laccase, co-immobilization in a biosensor provides detection of a wider range of phenolic 

compounds (Montereali et al., 2010). Although laccase has a wider substrate specificity, 

tyrosinase immobilized biosensors are the most sensitive ones to non-toxic phenolics 

(Prehn et al., 2012, Sołoducho and Cabaj, 2013). 

Conducting polymers provide a suitable matrix for enzymes; they enhance detection 

speed, sensitivity and the versatility of biosensors. The biggest advantage of 

electrochemical deposition of conducting polymers in terms of enzyme immobilization is 

the ability of direct enzyme immobilization on an electrode of any size and geometry. 

Also, the film thickness and enzyme activity can be controlled by changing the electrical 

state of the polymer. The simplest method of enzyme immobilization using conducting 

polymers is physical adsorption,  which includes binding forces such as hydrogen bonds, 

multiple salt linkages, Van der Waal’s forces etc. (Sołoducho and Cabaj, 2013). One 

negative point of enzyme entrapment into conducting polymers is that a high enzyme 

concentration in the electrolyte solution is required with this technique (Stanca and 

Popescu, 2004). 

Tyrosinase based biosensors have been designed to detect phenolic compounds of both 

non-toxic (Nadifiyine et al., 2013) and toxic types (Moczko et al., 2012), as well as some 

other molecules by using enzyme inhibition properties such as herbicides (Védrine et al., 

2003). In this thesis, tyrosinase was used and will be discussed in more detail below. 

2.6.1. Tyrosinase 

Tyrosinase (EC. 1.14.18.1), also named as polyphenol oxidase, is a binuclear copper-

containing enzyme widely present in nature.  Tyrosinase catalyses the conversion of 

phenolic compounds (monophenol/o-diphenols) into their quinone derivatives. Further, 

the produced o-quinone derivatives are converted into melanin, which is a pigment. It is 

important to control the activity of this enzyme for the food industry since it is 

responsible for the oxidation of phenolic compounds and for browning reactions. The 

enzyme generally possesses a molecular weight of 120 kDa. It is a tetrameric protein 

composed of two types of subunits, the H and L subunits which are c. 43 kDa and c. 14 

kDa, respectively. Thus, the enzyme is commonly shown as an H2L2 tetramer. It has been 

reported that the L subunit is not involved in activation of the enzyme, and its function is 
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still unknown. It has been found that each H subunit has two copper atoms and each 

copper ion is coordinated by three histidine residues. This binuclear copper binding sites 

serve as active sites for tyrosinase (Ismaya et al., 2011).  

Tyrosinase catalyses the orthohydroxylation of monophenols by cresolase activity (Figure 

2.13A) and the oxidation of o-diphenols to o-quinones by catecholase activity (Figure 

2.13B). Molecular oxygen is used in both reactions.  

 
 
 

A 

 
                         Cresolase activity 
 

 
 

 
B 

 
                       Catecholase activity 

 

Figure 2.13. The reaction mechanism of tyrosinase; ortho-hydroxylation of monophenols (A) and 
oxidation of o-diphenols to o-quinones (B). 

2.6.2. Tyrosinase-Based Biosensors for Phenolic Compound Detection 

In the last part of this thesis, an amperometric biosensor was developed based on 

tyrosinase to detect phenolic antioxidant. For that reason, previous studies on 

amperometric biosensor based on tyrosinase will be reviewed in this section. 

 An amperometric technique is performed by applying a constant potential and the change 

in current is measured as a function of time (Rozlosnik, 2009). Amperometric biosensors 

are cheap and are easy to automate, and have good selectivity. In a tyrosinase biosensor, a 

phenolic compound is oxidized to its corresponding o-quinone in the presence of oxygen 

by the enzyme entrapped in the matrix on the electrode, and then electrochemical 

reduction of the o-quinone regenerates the phenolic compound. A cycle of enzymatic and 

electrochemical reactions results and the generated electrons pass from the solution to the 
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working electrode (Figure 2.14.). Thus, a potentiostat reads the produced electrons as a 

current. The current is directly proportional to the concentration of phenolic compounds 

(Rawal et al., 2012).  

 

Figure 2.14. Bioelectrocatalytic reactions in a tyrosinase-based biosensor during detection of 
phenolic compounds 

To prepare biosensors with tyrosinase, various matrices and methods have been used: 

immobilization into a sol-gel layer on a carbon paste electrode (Li et al., 1998), a glassy 

carbon electrode (Wang et al., 2000), polyacrylamide films (Miyasaka et al., 2001), 

calcium carbonate nanoparticles (Shan et al., 2007), cross-linking with glutaraldehyde on 

cellophane membranes (Abhijith et al., 2007), on glassy carbon modified with gold 

nanoparticles (Carralero Sanz et al., 2005), on polyaniline-ionic liquid-carbon nanofiber 

composite covered electrodes (Zhang et al., 2009) and entrapment into Fe3O4 magnetic 

nanoparticle-chitosan bionanocomposite films (Wang et al., 2008). In a recent study 

(Nadifiyine et al., 2013), a tyrosinase-biosensor, with cross-linking immobilization via 

glutaraldehyde on carbon screen printed electrodes, has been prepared  in order to analyse 

the phenolic content of black and green teas. The catechin content of the samples was 

determined by the biosensor using catechin as an equivalent for the phenolic content. 

Also, catechin determination was performed by HPLC analysis. The results showed a 

good correlation (r=0.992) between the two methods.  



33 
 

In another study, an amperometric tyrosinase-based biosensor has been prepared by 

immobilization onto a phosphate-doped PPy  film (Apetrei et al., 2011). After preparation 

of  PPy-covered Pt electrode, tyrosinase was immobilized by a cross-linking method 

using glutaraldehyde. The performance of the biosensor has been investigated using a 

number of phenolic compounds in solution, such as phenol, catechol and 2-fluorophenol.  

Conducting polymers have been widely used in biosensor studies due to their charge 

transport properties and biocompatibility. PPy, PEDOT and various copolymers have 

been used for designing tyrosinase biosensors to determine the phenolic contents of wines 

(Kiralp et al., 2003, Kiralp et al., 2005, Yildiz et al., 2006, Böyükbayram et al., 2006, 

Kiralp and Toppare, 2006, Camurlu et al., 2008), catechol and L-tyrosine (Tuncagil et al., 

2010). Also, PPy and PEDOT have been used to prepare tyrosinase biosensors for L-dopa 

synthesis (Erdogan et al., 2010). It is important to note that a spectrophotometric method 

has been used in detection of target compounds in the above mentioned conducting 

polymer-based biosensors, not an amperometric measurement.  

To design an amperometric biosensor, the immobilization of tyrosinase have been carried 

out during electropolymerization of EDOT at a constant potential (Védrine et al., 2003). 

Two different approaches have been used, one using direct dipping of the electrode into a 

solution containing the monomer (EDOT) and tyrosinase, and secondly by dispersing the 

monomer and enzyme solution onto an electrode surface and then dipping into a buffer 

solution. 

In another study on an amperometric tyrosinase-biosensor, entrapment of tyrosinase 

during electropolymerization of aniline by constant potential application was performed 

and the obtained biosensor was used for catechol detection as a model phenolic 

compound (Tan et al., 2010). The prepared biosensor showed good thermal and 

operational stabilities, and a wide linear detection range.  Another conducting polymer 

based tyrosinase biosensor has been prepared by entrapment into a photopolymerized 

azide-unit pendent water-soluble photopolymer (AWP) on a PEDOT:PSS electrode 

(Moczko et al., 2012). The designed biosensor was used for the detection of pollutant 

phenolics such as Bisphenol A.  

In a recent study, a gold microelectrode array and a 2 mm dia. gold disk electrode were 

used as a working electrode to develop a tyrosinase-PEDOT biosensor (Lupu et al., 

2013a, Lupu et al., 2013b). Immobilization during electropolymerization has been 
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performed by two techniques, constant potential or sinusoidal voltage applications. The 

resulting biosensors have been used to test for dopamine and catechol. These studies 

showed that PEDOT is a promising conducting polymer to develop a tyrosinase-based 

biosensor. 

For the above mentioned biosensor studies, various sensitivity and detection limit values 

have been obtained. It is difficult to make a general statement on sensitivity difference 

between biosensors based on non-conducting polymers and conducting polymers, since 

there are various parameters affecting the result. For a general idea, the reported 

sensitivity, linear detection range, limit of detection (LOD), Km and Vmax values are listed 

in Table 2.2. and 2.3. 

 

  



 

 
 

Table 2.2.  Non-conducting polymer-based tyrosinase biosensors from the literature. The reported sensitivity, linear detection range, limit of detection 
(LOD), Km and Vmax values are listed in the table. The listed values were measured using catechol as a substrate. 

Matrix 
Sensitivity 

(A M-1) 
Linear range 

(µM) 
LOD 
(µM) 

Km 

(µM) 
Vmax 

µA) 
Reference

Silica sol-gel 1.45 0.2 -26 0.12 109 - (Li et al., 1998) 

Silica sol-gel 0.06 0.1– 100 0.04 - - (Wang et al., 2000) 

Glutaraldehyde on Au nanoparticles-
modified carbon 

0.107  0.5 -50 0.15 120 28.3 (Carralero Sanz et al., 2005) 

Fe3O4 nanoparticles–chitosan 
nanocomposite 

0.514  0.083 – 70 0.025 96.9 93.6 (Wang et al., 2008) 

Glutaraldehyde on carbon SPE 0.217  0.05 -23 0.03 - - (Nadifiyine et al., 2013) 
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Table 2.3.  Conducting polymer-based tyrosinase biosensors from the literature. The reported sensitivity, linear detection range, limit of detection (LOD), 
Km and Vmax values are listed in the table.  

Conducting Polymer 
Sensitivity 

(A M-1) 
Linear range 

(µM) 
LOD 
(µM) 

Km 

(µM) 
Vmax 

(µA) 
Reference

poly(N-3-aminopropyl pyrrole-co-
pyrrole) (PAPCP) 

0.003 1.6 - 118.8  1.2  - - (Rajesh et al., 2004) 

polyaniline–ionic liquid–carbon 
nanofiber (PANI–IL–CNF) 

21.02 0.4 x10-3– 2.1  0.1 x10-3  1.44 - (Zhang et al., 2009) 

Polypyrrole (PPy) 0.047  10 - 120 0.84 80.2 6.25 (Apetrei et al., 2011) 

PEDOT 0.014 Up to 25  - - - (Védrine et al., 2003) 

polyaniline (PANI) - 1.25 - 150 - 146 0.64 (Tan et al., 2010) 

polyaniline (PANI) - 10 - 100 - 81.22 7.94 (Wang and Kan, 2012) 

PEDOT 0.001 10 - 60 5.58 - - (Lupu et al., 2013b) 

 

   

3
6
 



 

37 
 

Chapter 3 

Preparation of PEDOT-Sensors 

This chapter has been partially published in:  

KARAOSMANOGLU, H., TRAVAS-SEJDIC, J. & KILMARTIN, P. A. 2014. Designing PEDOT-
Based Sensors for Antioxidant Analysis. The International Journal of Nanotechnology, 11, 445-
450. 

3.1. Introduction 

Cyclic voltammetry is a rapid, simple and efficient technique to evaluate antioxidants in 

real samples. This method has been used for research on antioxidant determination, 

making use of the redox properties of antioxidant compounds, and has been used with 

various samples from foods to bodily fluids. In order to compare and confirm the results, 

the most commonly used chromatographic and spectrophotometric methods for 

antioxidants have been performed alongside cyclic voltammetry (CV). Zielinska et al. 

have used CV of a bare electrode to test the antioxidant activity of plant extracts such as 

buckwheat (Zielinska et al., 2007b, Zielinska et al., 2007a), lupin sprouts (Zielinska et al., 

2008a) and onions (Zielinska et al., 2008b). 

Chevion et al. have worked on both edible plants (Chevion et al., 1999) and body fluids 

(Chevion et al., 1997a, Chevion et al., 1997b). The antioxidant activity of bodily fluids 

gives information about oxidative stress and the health condition of the body. Kohen et al. 

have performed CV with rat tissue homogenates and bodily fluids (Kohen et al., 1992). 

Evaluation of oxidative damage in biological samples (E. coli, rat jejunal mucosa and 

enzyme) has also been carried out by CV (Kohen, 1993). The results suggested that 

oxidative stress causes a decrease in the level of antioxidants, and this decrease can be 

determined by a change in the voltammetric response of samples. CV has been used in 

head injury cases for evaluation of antioxidant levels (Lomnitski et al., 1997, Beit-Yannai 

et al., 1997, Shohami, 1999). 

Kilmartin et al. have undertaken electrochemical analyses of antioxidants in wines and 

teas. The main antioxidants present in wines and teas have been tested individually by 

cyclic voltammetry and compared with voltammograms of wine samples (Kilmartin et al., 
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2001, Kilmartin et al., 2002b, Zou et al., 2002, De Beer et al., 2004, Kilmartin and Hsu, 

2003). The results were also compared with HPLC analyses and total phenolic content 

given by the Folin-Ciocalteu assay. The CV method was useful in the evaluation of the 

antioxidant content and for monitoring wine making processes. 

However, these studies had been performed using a bare glassy carbon electrode, using an 

electrode that is at least 3 mm in diameter. Various modified electrodes have been 

investigated to improve the electrochemical analysis, including conducting polymers. 

Poly(3-methylthiophene), polypyrrole and polyaniline  have been used to develop sensors 

for the quality control of olive oil (Guadarrama et al., 2000b, Guadarrama et al., 2001) 

and for wine analyses (Guadarrama et al., 2000a). In further research (Parra et al., 2006), 

an e-tongue has been developed using polypyrrole for wine analysis. The developed 

system showed good discrimination and recognition ability in terms of wine origin, grape 

variety etc. A multisensory system composed of six polypyrrole electrodes, using six 

doping agents and five sensors based on lanthanide bisphthalocyanines, has been 

developed for the evaluation of the phenolic content and bitterness of extra virgin olive 

oils (Rodríguez-Méndez et al., 2008). The amperometric measurements for wine analysis 

were found to be faster and simpler at PEDOT electrodes compared to bare metal 

electrodes (Pigani et al., 2008). In another study (Atta et al., 2011), a PEDOT electrode 

has been used for CV analysis in the selective determination of dopamine in the presence 

of ascorbic acid, and making use of a sodium dodecyl sulfate surfactant. Recently, 

electrochemical analysis for wine applications has been performed to determine 

concentrations of sulfur dioxide, polyphenol and ascorbic acid at a PEDOT-covered 1 

mm dia. gold electrode (Türke et al., 2012).                                                                                                        

The aim of this project is to design a PEDOT-based sensor to analyse antioxidants in 

beverages. Considering previous studies, a number of parameters were tested and 

compared to find the optimum conditions. The optimization experiments and results will 

be presented in this chapter. 
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3.2. Materials and Methods 

3.2.1. Reagents  

3,4-ethyelenedioxythiophene (EDOT), lithium perchlorate (LiClO4), sodium perchlorate 

(NaClO4), propylene carbonate (PC), phosphate buffered saline (PBS) tablets, catechin 

and epigallocatechin gallate (EGCG) were purchased from Sigma-Aldrich. To prepare 

PBS solution (pH 7.4), one PBS tablet was dissolved in 200 ml of Milli-Q water. The 

individual solutions at 0.2 M concentration were prepared in Milli-Q water and mixed to 

achieve the desired pH. Green tea was purchased from a local store in New Zealand and 

prepared by inserting a tea bag containing 2.0 g tea into 200 ml of Milli-Q water at 100 

⁰C for 10 min.  

3.2.2. Electrodes 

An Ag/AgCl electrode (BAS MF-2052) was used as reference electrode and kept in 3 M 

NaCl solution when not in use. A platinum wire (BAS MW-1032) was used as the 

counter electrode. A 1 mm dia. glassy carbon electrode (eDAQ ET-074) and a 1 mm dia. 

gold electrode (eDAQ ET-076) were used as the working electrode substrates. Before 

each polymerization, the surface of the electrode was polished using 0.05 µm alumina 

powder (BAS CF-1050) on a cloth pad (BAS MF-1040). After rinsing with Milli-Q 

water, the electrode was dipped into a small vial filled with Milli-Q water and kept in 

sonic bath for 2 min. In order to confirm the cleanliness of the gold electrode, cyclic 

voltammetry was also performed in 0.5 M H2SO4 solution between -400 and 1200 mV for 

10 cycles (Fischer et al., 2009). 

3.2.3. Preparation of a PEDOT Electrode 

A PEDOT-electrode was prepared by electrochemical polymerization of the EDOT 

monomer using cyclic voltammetry, as previously reported (Türke et al., 2012), but with 

slight modifications. After preparing the polymerization solution containing 0.1 M EDOT 

and 0.1 M LiClO4 in propylene carbonate, oxygen in the solution was removed by 

purging with nitrogen. Electropolymerization was performed by cycling between -300 

and 1200 mV at a scan rate of 100 mVs-1 using a Bioanalytical Systems (BAS) 100A 

electrochemical analyser. A different number of preparative cycles were applied to check 

the effect of film thickness on sensor performance. The prepared electrode was then 
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rinsed with Milli-Q grade water to remove unpolymerized monomer from the PEDOT 

film. 

3.2.4. Cyclic Voltammetry of Samples 

Green tea was used as a real test sample. Catechin and EGCG, two major antioxidants in 

green tea, were also tested as pure antioxidant compounds, and were prepared as solutions 

in PBS (pH 7.4). Electrochemical analysis of the samples was performed by cyclic 

voltammetry, and in comparison to a bare glassy carbon electrode. Before each 

measurement, the electrode was dipped into PBS solution containing 0.1 M sodium 

perchlorate. The potential was cycled between -200 and 800 mV at 100 mVs-1 for 10 

cycles in order to accustom the electrode to an aqueous environment before sample 

testing. After this step, CV was performed either from -200 to 600 mV or from -200 to 

800 mV at 100 mVs-1 for 1 cycle. To create a background voltammogram, the first CV 

was performed in PBS containing 0.1 M sodium perchlorate. 

3.2.5. Determination of Linear Concentration Range 

In order to determine the linear concentration range of the antioxidant solutions, different 

dilutions were tested. Catechin solutions were prepared in PBS at concentrations of 0.1, 

0.5, 0.75, 1.0, 1.5 and 2.0 mM. On the other hand, EGCG solutions were prepared in PBS 

at concentrations of 45, 90, 30, 450, 600 and 900 µM. The CVs were performed between  

-200 and 800 mV at a 100 mVs-1 scan rate. The plots of oxidation peak current versus 

concentration were drawn for evaluation.  

3.2.6. Glassy Carbon vs. Gold Electrodes 

Polymerization of EDOT was performed using 1 mm dia. gold and glassy carbon 

electrodes by cycling between -300 and 1200 mV for 4 cycles at a 100 mVs-1 scan rate. 

The prepared electrodes were used in testing catechin solutions (2 mM, pH 7.4) and the 

voltammograms were compared.  

3.2.7. Reusability of PEDOT Electrodes 

Due to fouling on a bare electrode surface, the electrode needs to be cleaned before each 

measurement. To examine the reusability of PEDOT electrodes, a PEDOT electrode was 

first used for cyclic voltammetry in a 2 mM catechin solution. Then, after rinsing the 
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electrode with Milli-Q water, it was dipped into a new buffer solution and CV was 

performed between -200 and 800 mV.  

3.3. Results and Discussion 

3.3.1. Effect of PEDOT Thickness 

The PEDOT polymer film thickness is related to the number of cycles used in the 

electropolymerization. Polymerization of EDOT was performed on a glassy carbon 

electrode with 1, 2, 3 and 4 cycles between -300 and 1200 mV.  CV was performed firstly 

in PBS solution containing 0.1 M NaClO4. The background CVs showed a capacitance-

type response when the electrodes were cycled in an aqueous electrolyte with no redox-

active species present in the solution, as has been observed previously for PEDOT 

electrodes (Liu et al., 2008). The comparison of background voltammograms obtained by 

a bare and PEDOT covered electrodes are shown in Figure 3.1. Psuedo-capacitance 

values were calculated by dividing the average of cathodic current with scan rate (100 

mVs-1) (Khomenko et al., 2005). Therefore, it is found to be 70, 75, 88, 96 and 123 µF for 

the bare, PEDOT1, PEDOT2, PEDOT3 and PEDOT4, respectively. The larger values for 

the PEDOT electrode will include contributions from internal PEDOT redox processes, 

and an increase in the surface capacitance as the real surface area of the electrodes 

increased.  

 

Figure 3.1. Cyclic voltammograms of the bare and PEDOT covered electrodes in PBS containing 
0.1 M sodium perchlorate. They were prepared by one (PEDOT1), two (PEDOT2), three 
(PEDOT3) and four (PEDOT4) preparative electrochemical cycles. 
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The electrodes were then cycled in a 0.5 mM catechin solution from -200 to 800 mV and 

the intensity of the oxidation peaks was compared (Figure 3.2.). Voltammograms showed 

an oxidation peak for catechin at around 200 mV and the intensity of the peak current 

increased with a greater number of PEDOT preparative cycles. The PEDOT electrode 

prepared by 4 cycles gave better defined peaks than the other electrodes. As seen in 

Figure 3.2., the electrode with a PEDOT covering also provided a better separation and 

clarity of the two catechin oxidation peaks (at around 200 and 500 mV). Cycling to a 

higher number of cycles was also undertaken but no change in the response was obtained 

(data not shown). 

 

Figure 3.2. Voltammograms (background subtracted) of 0.5 mM catechin in pH 7.4 PBS solution 
using a bare and PEDOT covered glassy carbon electrodes. They were prepared by one 
(PEDOT1), two (PEDOT2), three (PEDOT3) and four (PEDOT4) preparative electrochemical 
cycles. 

3.3.2. Adjustment of a PEDOT Electrode into an Aqueous Environment 

Electrochemical analysis of beverages was needed to be performed in buffered solution to 

keep the pH at similar level to the respective samples. When the PEODT-electrode was 

cycled in PBS for 10 cycles, the current intensity changed gradually cycle-by-cycle until a 

near-steady response was obtained due to the counterion changing with phosphate ions 

instead of perchlorate ions (Figure 3.3A). A comparison of voltammogram at the first and 

the tenth cycles is shown in Figure 3.3B. Therefore, the baseline became same as the 

sample. Also, in a previous study (Pigani et al., 2011), the prepared PEDOT electrode 

was cycled in PBS containing LiClO4 between -0.5 and 0.5 V vs. Ag/AgCl at 0.05 Vs-1 

for 10 cycles in order to reach to a steady state PEDOT conformation and to obtain 
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repeatable results.  Therefore, 10 cycles were performed in a PBS solution containing 0.1 

M NaClO4 before recording the background response and undertaking sample analysis.  

A B 

 

Figure 3.3. Cyclic voltammograms of PEDOT electrode in PBS containing in 0.1 M NaClO4 
solution; 10 test cycles (A) and a comparison of the first and the tenth cycle (B).  

3.3.3. Comparison CV of a Bare and PEDOT Covered Electrodes 

A PEDOT electrode was prepared by cycling for four cycles with a potential range of  

-300 to 1200 mV at a 100 mVs-1 scan rate. After rinsing with Milli-Q water, the 

electrodes were dipped into a PBS solution containing 0.1 M NaClO4 and cycled for 10 

cycles between -200 and 800 mV at 100 mVs-1. Green tea and catechin solutions were 

then tested, with catechin at a concentration of 2 mM in PBS. Green tea was tested 

without any dilution, which is not typically undertaken when using glassy carbon 

electrodes due to the effects of the very high flavonoids present (Kilmartin and Hsu, 

2003).  For both samples, the intensity of the anodic and cathodic peaks was greatly 

enhanced due to the presence of the PEDOT film (Figure 3.4A). Moreover, the peaks 

became more distinguishable and sharper. An oxidation peak at 500 mV and a smaller 

reduction peak at 300 mV were observed in the voltammogram of green tea (with a 

measured solution pH of 5.5), while the bare electrode did not show any distinguishable 

oxidation or reduction peak. In the voltammogram of catechin, three oxidation peaks 

(265, 510 and 725 mV) were observed at the PEDOT electrode, and one reduction peak 

(150 mV) (Figure 3.4B). 
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A B 

Figure 3.4. Cyclic voltammograms (background subtracted) of green tea (A), and a 2 mM 
catechin in pH 7.4 PBS solution (B), using bare and PEDOT covered glassy carbon electrodes. 

While the main oxidation peak current of the green tea sample was measured as   ̴ 2.5 µA 

at a bare glassy carbon electrode, it increased to  ̴ 30 µA at the PEDOT electrode. 

Similarly, the first oxidation peak of catechin (at 240 mV) increased from  ̴ 2.5 µA to  

 ̴ 10.6 µA with an electrode covered with PEDOT. Moreover, the oxidation peaks shift to 

positive potential in solution at lower pH values (Janeiro and Oliveira Brett, 2004), and 

the pH of the green tea sample was found to be 5.5. Therefore, the potential range is 

important for cyclic voltammetry since the oxidation peak at high potentials might not be 

observed in the solutions at lower pH values when CV was performed to 600 mV.  

Cyclic voltammetry has been typically been performed using a 3 mm dia. glassy carbon 

electrode to analyse beverage antioxidants in previous studies (Kilmartin and Hsu, 2003, 

Kilmartin et al., 2001). When a bare 1 mm dia. glassy was used, it did not give 

sufficiently well-defined signals.  However, when the 1 mm electrode was covered with a 

PEDOT film, the conducting polymer enhanced the signal and the voltammograms 

showed measurable and well-defined peaks by the help of the redox mediator property of 

PEDOT. 

3.3.4. Glassy Carbon vs. Gold Electrodes  

The electropolymerization conditions such as the solvent, the electrode and various 

electrochemical parameters have been found to affect the properties of PEDOT films (Du 

and Wang, 2003, Sakmeche et al., 2000). For that reason, glassy carbon and gold 

electrodes were used for the preparation of PEDOT electrodes. Before using the gold 
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electrode for a polymerization, CV was performed in 0.5 M sulfuric acid for 10 cycles in 

order to be sure of the electrode cleanliness (Figure 3.5). If the electrode was clean, there 

were no unexpected peaks which might be caused by contamination of the electrode, 

rather redox current due to the formation and removal of a gold oxide layer were usually 

seen, as expected. The reduction peak of gold oxide, which had formed during the anodic 

scan, was observed at around 700 mV, which was consistent with a previous report (Ma 

et al., 2013).  

 
Figure 3.5. Cyclic voltammogram of a 1 mm dia. Au electrode in 0.5 M sulfuric acid solution 

Polymerization was undertaken between -300 and 1200 mV over four cycles for both 

electrodes. The prepared electrodes were used for testing in a 2 mM catechin solution. 

Both electrodes gave oxidation peaks at 200 and 725 mV and a reduction peak at around 

100 mV. However, there was an additional oxidation peak at 500 mV in the 

voltammogram of the PEDOT-covered glassy carbon electrode, a peak that was not seen 

in the voltammogram of PEDOT-covered gold electrode (Figure 3.6.). The first oxidation 

peak has been associated with oxidation of 3’,4’-dihydroxyl group on the B ring 

(Martinez et al., 2005, Janeiro and Oliveira Brett, 2004). The cathodic peak at around 100 

mV was found to be the reduction of 3’,4’-diquinone formed in the first oxidation peak 

(Janeiro and Oliveira Brett, 2004). The second oxidation peak of catechin, which some 

researchers associated with the oxidation of 5,7-dihydroxyl group on the A ring (Martinez 

et al., 2005), while others reported as the oxidation of 3-OH group on the C ring (Janeiro 

and Oliveira Brett, 2004), was distinguishable by PEDOT-covered glassy carbon 

electrode while it was not clearly observed at the PEDOT-covered gold electrode.  This 

might be due to differences between PEDOT films formed on glassy carbon and gold 
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electrodes. A third oxidation peak has been reported for a differential pulse 

voltammogram of catechin and it has been suggested to be due to the oxidation of the 

phenolic groups on the A ring (Janeiro and Oliveira Brett, 2004),  which took place on the 

second oxidation peak according to other authors (Martinez et al., 2005).  Another 

possibility is that this peak might be due to polymerization of catechin due to 

condensation reactions between the A ring of one catechin molecule and the B ring of 

another molecule which is known as head to tail polymerization (Castaignède et al., 2003) 

or an interaction between catechin and PEDOT.  

 
Figure 3.6. Cyclic voltammograms of 2 mM catechin in pH 7.4 PBS solution at PEDOT covered 
glassy carbon and gold electrodes.  

In contrast to a previous report (Türke et al., 2012), the glassy carbon electrode gave a 

larger current response compared to the gold electrode in this study. This might be due to 

the difference in the porosity of PEDOT films on glassy carbon and gold, a difference in 

real electrode surface area, or some other effect on the PEDOT structure that carries 

through during PEDOT growth, owing to the nature of the underlying substrates.  

3.3.5. Linear Detection Range 

A voltammogram with a catechin solution (pH 7.4) is given in Figure 3.7. As expected, 

the intensities of both anodic and cathodic currents increased when increasing the 

catechin concentration. To find the linear range, the current of first oxidation peaks at 

around 200 mV was used in a current vs. concentration plot (Figure 3.7B). The current 
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did not increase proportional to concentration for solutions more concentrated than 1.5 

mM catechin, which is therefore the limit for reliable quantification of catechin.   

A B 

Figure 3.7. Cyclic voltammograms of catechin solutions at different concentrations (A), and the 
plot of peak current vs. catechol concentration (B). 

Similarly, the electrochemical behaviour of EGCG was investigated at different 

concentrations (from 45 µM to 900 µM). Cyclic voltammetry gave two oxidation peaks at 

around 100 mV and 200 mV (Figure 3.8A). To determine the linear concentration range, 

the current of the first oxidation peak was determined.  The plot of current vs. 

concentration showed that the current increases non-linearly after a concentration of 90 

µM (Figure 3.8B). By contrast, at the lowest concentration of EGCG (45 µM), the 

voltammogram became noisy and two oxidation peaks could not be distinguished well. It 

can be concluded that CV of EGCG can be performed in the concentration range of 90 – 

300 µM. In a previous study (Novak et al., 2009), electrochemical characterization of 

EGCG has been performed using a 3 mm dia. glassy carbon electrode with square wave 

voltammetry. The concentration range from 0.1 to 1 µM was found to be the linear range 

for this method.  
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A B 

Figure 3.8. Cyclic voltammograms of EGCG solutions at different concentrations (A), and the 
plot of peak current vs. EGCG concentration (B). 

3.3.6. Reusability Test 

PEDOT electrode firstly was used in CV of a 2 mM catechin solution. After rinsing with 

Milli-Q water, it was tested in a catechin-free buffer solution (Figure 3.9.). Normally, CV 

of buffer with an unused PEDOT electrode showed a straight current without any 

oxidation/reduction peaks. However, the used PEDOT electrode showed oxidation and 

reduction peaks at around 300 and 100 mV, respectively, which were similar to the 

catechin voltammograms. This result showed that catechin molecules had attached on to 

the PEDOT film and were not removed by rinsing with Milli-Q water. This result showed 

that PEDOT electrodes can be used once, before needing to be renewed.  

 

Figure 3.9. Cyclic voltammograms of a background scan, 2 mM catechin at a PEDOT electrode, 
and the CV of PBS by a used PEDOT electrode 
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3.4. Conclusions 

The sensitivity of 1 mm dia. electrodes for polyphenol oxidation and reduction was 

significantly increased by covering the electrodes with a PEDOT film. Different 

parameters were tested such as the thickness of the PEDOT film, antioxidant 

concentration etc. In order to change the thickness of the film, a different number of 

cycles were used during the electropolymerization. When the electrodes were tested in 

catechin solutions, well-defined peaks were obtained at PEDOT electrodes formed with 4 

preparative cycles. It was also found that PEDOT electrodes should be cycled in an 

aqueous buffer solution to accustom these to an aqueous environment after 

polymerization in an organic solvent. Moreover, PEDOT on a glassy carbon substrate 

performed better than a gold electrode.  The results also showed that the level of 

antioxidant compounds can be quantified by voltammetry and over a certain linear 

concentration range. In further experiments on beverages and pure antioxidant solutions, 

this fact was taken into consideration and each sample was firstly tested at a range of 

concentrations. It is important to note that PEDOT electrodes can be used just once in 

testing antioxidant compounds due to the fouling that occurs. The overall results showed 

that the PEDOT covered glassy carbon electrode greatly improved the sensor sensitivity 

towards polyphenol antioxidant compounds. 
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Chapter 4 

Analysis of Beverage Antioxidants Using a PEDOT-
Based Sensor 

  

 

4.1. Introduction 

Tea and coffee are the most widely consumed beverages in the world. Although green 

and black teas are produced from the same plant, they are processed differently, and thus 

their contents differ, particularly their polyphenols. The major phenolic compounds found 

in green tea are in the catechin family: (-)-epicatechin, (-)-epicatechin gallate, (-)-

epigallocatechin, (-)-epigallocatechin gallate. Among these catechin derivatives, 

epigallocatechin gallate (EGCG) is present at the highest level and has been used as a 

quality marker of green tea. On the other hand, theaflavins and thearubigins, which are 

produced by enzymatic oxidation of catechins during the fermentation process, are the 

main additional families of polyphenols present in black teas. It has been reported that a 

total catechin content of between 5 and 21 mg/mg was present in black teas (Mario, 2010, 

Balentine et al., 1997, Zhengzhu et al., 2008b, Vermerris, 2006, Mukhtar and Ahmad, 

2000, Wang and Zhou, 2004).  

The phenolic content of coffee has been found to be different, where derivatives of 

caffeic and ferulic acids constitute the main phenolic content of coffee. Among these 

chlorogenic acid is the major compound (Cohen, 2000). On the other hand, phenolic 

compound profiles vary among herbal teas. For example, the phenolic content of sage 

(Salvia species) was mainly composed of flavone glycosides, carbisuc acid, carnosol and 

derivatives of rosmarinic acid (Lu and Yeap Foo, 2001, Wei et al., 1999, Wang et al., 

1998), while gallic acid, p-coumaric acid, syringic acid, protocatechuic aldehyde 

(Sterbová et al., 2004), flavonol glycosides such as quercetin and kaempferol derivatives 

(Negri et al., 2013), were identified in extracts of the linden (Tilia species) herb, which is 

known for its anxiolytic properties (Negri et al., 2013) 
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It is important to perform an accurate analysis of phenolic compounds in beverages due to 

their role in health and food quality. HPLC methods are most often preferred to identify 

and quantify phenolic compounds. However, this technique is expensive and takes a long 

time to obtain a result. Electrochemical methods have been found to be promising to 

obtain quick and reliable results at a low cost. Cyclic voltammetry, differential pulse and 

square wave voltammetry methods have been successfully used in antioxidant analyses of 

foods and beverages, and the following examples show.  

Electrochemical analysis of flavonoids and phenolic acids in apple and pear juices has 

been performed using differential pulse voltammetry (Blasco et al., 2004), while cyclic 

voltammetry has been preferred in another study on the detection of phenolic compounds 

in orange juices (Sousa et al., 2004). The use of square wave voltammetry has been 

reported to measure the catechin content of green (Moccelini et al., 2009) and black teas 

(Novak et al., 2010). The EGCG content of green tea has been determined using square 

wave voltammetry with a standard addition technique (Novak et al., 2009). Also among 

the alcoholic drinks, wines, especially red wines, possess a high phenolic content, 

therefore, researchers have analysed the antioxidant content of wines.  For example, Parra 

et al. have used square wave and cyclic voltammetry methods for red wine analysis (Parra 

et al., 2004).  

Kilmartin et al. have worked on coffee, tea and wines, and have preferred cyclic 

voltammetry as a method. Electrochemical analyses of New Zealand wines were 

performed by cyclic voltammetry and the results were compared with the individual 

phenolic compounds identified and quantified by HPLC analysis (Kilmartin et al., 2001, 

Kilmartin et al., 2002a, Zou et al., 2002). Similarly, the phenolic antioxidants in tea and 

coffees have been analysed (Kilmartin and Hsu, 2003, Roginsky et al., 2003). Moreover, 

CV has been used to examine the interaction of sulfur dioxide, ascorbic acid and 

glutathione with phenolic compounds present in wine, in order to demonstrate the 

protective effect of those molecules against polyphenol oxidation (Makhotkina and 

Kilmartin, 2009, Makhotkina and Kilmartin, 2010). 

Modified electrodes have also been designed for electrochemical antioxidant analysis. For 

example, a polythiophene derivative conducting polymer modified electrode has been 

used to detect ascorbic acid by linear sweep and cyclic voltammetry methods (Lupu et al., 

2002). Also, the determination of ascorbic acid by a PEDOT-modified electrode has been 
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performed using differential pulse voltammetry (Bello et al., 2007a). Pigani et al. have 

used PEDOT-modified electrodes for wine analysis by differential pulse voltammetry 

(Pigani et al., 2008, Pigani et al., 2011) and cyclic voltammetry (Pigani et al., 2009). 

Moreover, an electronic tongue has been reported for use in the discrimination of fruit 

juices by differential pulse voltammetry methods using a PEDOT-modified electrode 

(Martina et al., 2007).  

In addition, electrochemical methods have been used for examination of relations 

between antioxidant activity and chemical structure. Various phenolic compounds have 

been tested and antioxidant properties determined based on the oxidation/reduction 

potentials, and compounds with a lower redox potential have been associated with a 

higher antioxidant capacity. For example, the redox properties of flavonoids have been 

examined by cyclic voltammetry method and electron paramagnetic resonance (EPR) 

spectroscopy, and the results were associated with the chemical structures (Rapta et al., 

1995). In another study, the antioxidant activities of various phenolic compounds have 

been evaluated by DPPH radical scavenging, and the results were compared with the 

anodic peak potential observed in cyclic voltammetry (Hotta et al., 2002). A comparison 

between ferric reducing antioxidant power (FRAP) assay and the oxidation potential 

obtained by cyclic voltammetry has been carried out, again to investigate the relation 

between antioxidant activity and the chemical structure of flavonoids (Firuzi et al., 2005) 

In one study (Janeiro and Oliveira Brett, 2004), the electrochemical oxidation mechanism 

of catechin has been investigated by cyclic, square wave and differential pulse 

voltammetry methods. Voltammograms showed two oxidation peaks, and the first 

oxidation peak was associated with oxidation of the flavonoid B-ring, while the second 

peak was related to the hydroxyl group on the C-ring. A third oxidation peak was only 

observed by differential pulse voltammetry at a very high potential, which was associated 

with oxidation of the A-ring. On the other hand, other researchers have suggested that the 

second oxidation peak was due to oxidation of hydroxyl groups on the A-ring (Martinez 

et al., 2005). 

Electrochemical analysis of EGCG has been performed by square wave voltammetry 

using a 3 mm dia. glassy carbon electrode, and the voltammograms were interpreted by 

testing gallic acid and epigallocatechin (EGC) with same method, since the chemical 

structure of EGCG is made up of gallic acid attached to the 3 position on the C-ring of 



 

54 
 

EGC (Figure 4.1.) (Novak et al., 2009). SWV has been performed for both positive and 

negative direction to examine oxidation and reduction peaks. As a result of a comparison 

of the first peak potentials, it was concluded that the first oxidation peak of EGCG came 

from oxidation of triphenol on the B-ring since the potentials were found to be close for 

EGCG and EGC. On the other hand, the second peak of EGCG was found to be similar to 

gallic acid oxidation, thus, it has been found that the 2nd peak came from oxidation of 

gallolyl group on 3 position at the C-ring. A 3rd peak was observed at potentials greater 

than 500 mV and was attributed to oxidation of any remaining hydroxyl groups in the 

molecule. 

 

Figure 4.1. General structure of the catechins (Zhengzhu et al., 2008a) 

A further electrochemical study was undertaken on chlorogenic acid, which has been 

reported as a major phenolic compound in fruit juices such as apple, pear and plum 

(Namazian and Zare, 2005). Cyclic voltammetry was used to investigate the redox 

behaviour of chlorogenic acid over a wide pH range (from 1 to 12) using a 2 mm dia. 

glassy carbon electrode. A pH dependent electrochemical behaviour of chlorogenic acid 

has been reported; it was found that the reaction involved two electrons and two protons 

up to pH 7.8, since the slope of the formal potential vs. pH plot was found to be 57.1 

mV/pH. The value decreased to 27.9 mV/pH at higher pH values, indicating a reaction 

with two electrons and one proton.  

In this chapter, the use of PEDOT-electrode in the electrochemical antioxidant analysis of 

green, black and herbal teas, coffee and red wines is presented. The phenolic content of 

samples was identified and quantified by HPLC analysis. Beverage samples and some of 

the determined phenolic compounds were tested by cyclic voltammetry at the PEDOT-

electrode.  
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4.2. Materials and Methods 

4.2.1. Reagents  

EDOT, PC, lithium perchlorate, sodium perchlorate, tartaric acid and phenolic compound 

standards; gallic acid, catechin, epicatechin, epigallocatechin gallate, vanillic acid, 

p-coumaric acid, syringic acid, chlorogenic acid, caffeic acid, rutin, protocatechuic acid 

and protocatechuic aldehyde were purchased from Sigma-Aldrich. Monosodium 

phosphate (NaH2PO4) and disodium hydrogen phosphate (Na2HPO4) were purchased 

from Scharlau. 

4.2.2. Model Wine Solution and Phosphate Buffers 

The individual solutions of monosodium phosphate (NaH2PO4) and disodium hydrogen 

phosphate (Na2HPO4) were prepared in Milli-Q water to obtain 0.2 M concentration and 

mixed to achieve the desired pH values (4.5, 5.0, 5.5 and 6.0). Dilution of red wine 

samples was carried out with a model wine solution at pH 3.65.  A model wine solution 

was prepared by dissolving 0.033 M L-tartaric acid with 12% (v/v) ethanol/water mixture 

then pH was adjusted with sodium hydroxide solution to obtain 3.65 (Türke et al., 2012).  

4.2.3. Tea and Coffee Preparation 

Green (1 brand), black (3 brands), linden flower (1 brand) and sage (1 brand) teas, instant 

coffee (1 brand), Turkish coffee (2 types, Medium (MR) and Double Roasted (DR)), and 

red wine (2 types) were purchased from local stores in New Zealand (NZ) and Turkey 

(Tr). A sample of coffee produced by a machine from coffee beans was obtained from 

within the university department. 

Tea samples were prepared by inserting a tea bag containing 2.0 g tea into 200 mL of 

Milli-Q grade water at 100 ⁰C for 10 min. Instant coffee was prepared by mixing 2.0 g of 

coffee and 200 ml of hot Milli-Q grade water. Turkish coffee was prepared by boiling 200 

mL of Milli-Q water containing 10.0 g of Turkish coffee. Immediately after measuring 

the beverage pH value, the electrochemical tests were performed. The rest of the solutions 

were stored at -30 ⁰C for further experiments. Each sample was prepared as a duplicate to 

consider the differences between specimens.  
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4.2.4. HPLC Analysis of Beverages 

Analysis of phenolic compounds was carried out using a Hewlett–Packard Agilent 1200 

Series liquid chromatography with a quaternary pump and a photodiode array detector. 

Samples were filtered through a 0.45 µm filter and injected onto the HPLC system. The 

HPLC system was equipped with a Phenomenex Fusion C18 column (Synergi 4 µm; 

Fusion-RP 80 Å; 4.6 x 150 mm). The solvents used were Milli-Q water (A), aqueous 

0.5% formic acid (B), and HPLC-grade acetonitrile (C), at a flow rate of 1.2 mL/min. The 

gradient was 3% C from 0 to 17 min, 15% C from 17 to 24 min, 20% C from 24 to 32 

min, 45% C from 32 to 38 min and from 38 to 50 min 70% C. Phenolic compound 

standard solutions (at 1, 4, 10, 40 and 100 mg/L) were used to identify and quantify the 

compounds in samples. Detection was undertaken at wavelengths of 280, 305, 320, 365, 

400 and 520 nm, corresponding to the UV-maxima of various polyphenol classes. Most 

phenolic acids and other polyphenols were detected at 280 nm. The area of identified 

phenolic compounds was compared with calibration curves prepared with the 

corresponding standards, wherever possible (Ávila et al., 2009).  

4.2.5. Preparation of PEDOT Sensor 

The PEDOT-sensor was prepared by electrochemical polymerization of the EDOT 

monomer using the cyclic voltammetry technique as explained in Chapter 2. A 1 mm 

diameter glassy carbon electrode (eDAQ ET-074) was used as the working electrode and 

the surface of the electrode was cleaned using 0.05 µm alumina (BAS CF-1050) on a 

cloth pad (BAS MF-1040) before each polymerization. An Ag/AgCl reference electrode 

(BAS MF-2052) and a platinum counter electrode (BAS MW-1032) were also employed. 

The electrodes were dipped into the solution containing 0.1 M 3,4-

ethylenedioxythiophene and 0.1 M lithium perchlorate in propylene carbonate. The 

oxygen in the solution was removed by first purging nitrogen for 30 minutes. 

Electropolymerization was performed by cycling for 4 cycles between -300 and 1200 mV 

(Ag/AgCl) at a scan rate of 100 mV/s using a Bioanalytical Systems (BAS) 100A 

electrochemical analyzer. After rinsing with Milli-Q grade water to remove 

unpolymerized monomer, a CV was performed in buffer solution containing 0.1 M 

NaClO4 between -200 and 800 mV at a scan rate of 100 mV/s for 10 cycles to adjust to 

the aqueous environment.  
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4.2.6. CV of Beverages and Phenolic Compound Solutions 

The samples were diluted with the phosphate buffer solution prepared at a pH similar to 

that of each sample (pH 3.65, 4.5, 5.0, 5.5 or 6.0). After dilution, sodium perchlorate (at a 

final concentration of 0.1 M) was added as an additional supporting electrolyte. A 

voltammogram was first taken in the buffer for background subtraction purposes. Cyclic 

voltammetry was performed between -200 and 800 mV at a scan rate of 100 mV/s, at 

both the PEDOT modified 1 mm electrode, and at a 3 mm diameter glassy carbon 

electrode (BAS MF-2012) for comparative purposes. 

Pure phenolic compound solutions, gallic acid, epicatechin, catechin, epigallocatechin 

gallate, chlorogenic acid, p-coumaric acid, vanillic acid and syringic acid, were prepared 

in phosphate buffers at pH 3.65, 4.5, 5.0, 5.5 and 6.0.  The position of the CV peaks can 

change depending on the pH value of the solution in which they are tested, as reported 

previously for catechin (Janeiro and Oliveira Brett, 2004), caffeic acid (Giacomelli et al., 

2002), and chlorogenic acid (Namazian and Zare, 2005). The compounds were tested 

electrochemically at different concentrations depending upon the linear response range 

for the oxidation peak potential versus concentration. 

4.2.7. Beverage Simulation Solutions  

Simulation solutions were prepared following the results of HPLC analyses. The major 

compounds were chosen for testing were gallic acid, catechin, EGCG and p-coumaric 

acid for green and black teas, gallic acid and chlorogenic acid for coffee. Since CV 

parameters were found to be similar for epicatechin and catechin, the total concentration 

of epicatechin and catechin were taken as one compound for green tea simulation 

solutions. The determined concentrations were given as mg/L by HPLC analysis, and then 

converted to mM by dividing by the molecular weights. Average values of the 

concentrations of each sample group were taken. For individual solutions, these 

concentrations were firstly converted to mM. Then the prepared solutions were diluted 5 

or 20 fold for tea and coffee simulation solutions, respectively, as carried out for real 

samples. The calculations are shown in Table 4.1., 4.2. and 4.3. All solutions were 

prepared in buffer solutions at pH 5.5.  For green and black tea solutions,  250 µL of each 

phenolic solution was transferred into a vial and then diluted 5 times, while 500 µL of 

each solution was mixed and diluted 20 times for the coffee simulation.  
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Table 4.1. The concentration calculation for green tea simulation solution. 

 Gallic acid Epicatechin Catechin EGCG p-coum. acid 
HPLC (mg/L) 7.3 7.85 4.55 194.5 1.13 
Molecular Weight (g/mol) 170.12 290.26 290.26 458.37 164.16 
Conversion to mM 0.04 0.03 0.016 0.42 0.007 
  0.05mM catechin*   
4 X for simulation mixture (mM) 0.16 0.2 1.68 0.028 
 

Table 4.2. The concentration calculation for black tea simulation solution. 

 Gallic acid Catechin EGCG p-coum. acid 
HPLC (mg/L) 25.17 5.88 34.08 7.47 
Molecular Weight (g/mol) 170.12 290.26 458.372 164.16 
Conversion to mM 0.15 0.02 0.074 0.046 
4 X for simulation mixture (mM) 0.6 0.08 0.3 0.184 

 

Table 4.3. The concentration calculation for coffee simulation solution. 

 

 

 

 

4.3. Results and Discussion 

4.3.1. HPLC Results 

Uv-vis maxima values for each standard compound were determined by examination of 

the HPLC chromatograms of individual solutions. Standard solutions were prepared in 

concentration range of 1, 4, 10, 40 and 100 mg/L and standard calibration curves were 

drawn by area of peak versus concentration. The obtained HPLC parameters, wavelength 

maxima (λmax), retention time (tR), detection wavelength λ and standard curve equation, 

are listed in Table 4.4.  

Identification of peaks in chromatograms of beverages was carried out by comparison of 

retention time and λmax with standards. The concentration of identified compounds was 

calculated from peak area with standard curve. The obtained results were listed in Tables 

4.5 and 4.6. 

 Gallic acid Chlorogenic acid 

HPLC (mg/L) 7.95 290.78 

Molecular Weight (g/mol) 170.12 354.31 

Conversion to mM 0.05 0.82 

2  X for simulation mixture (mM) 0.1 1.64 
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Table 4.4. HPLC parameters of standard solutions 

Compound λ max (nm) tR (min) Detection  λ Standard curve 
Gallic acid 270 2.7 280 y=63.951x 
Protocatechuic acid 260 4.2 280 y=38.314x 
Protocatechuic aldehyde 280 5 280 y=101.07x 
Caffeic acid 320 9.3 320 y=59.215x 
Catechin (240)a 280 10 280 y=16.094x 
Vanillic acid 260 (292)a 10.6 280 y=46.178x 
Chlorogenic acid (300) a 325 13.3 320 y=75.492x 
Caffeine 272 15 280 y=69.57x 
Syringic acid 275 16.5 280 y=79.371x 
p-coumaric acid 310 16.7 320 y=126.33x 
Epigallocatechin gallate 275 17 280 y=35.891x 
Epicatechin (240) a 280 18 280 y=17.06x 
Rutin  255(355)a 23 360 y=22.942x 

The abbreviations are used: Detection λ (wavelength for the determination), tR (Retention time), 
standard curves y=ax, where a is the slope, x is the concentration (mg/L), y is the peak area. a The 
values in brackets refer to the second but lower peak wavelength. 

Table 4.5. The concentrations of gallic acid (Gal. A.), epicatechin (Epicat.), catechin (Cat.), 
epigallocatechin gallate (EGCG), chlorogenic acid (Chl. A.) and caffeic acid (Caf. A.) in 
beverages determined by HPLC 

    Compound Concentration (mg/L) 
  Sample Gal. A. Epicat. Cat. EGCG Chl. A. Caf. A. 

1 Green tea 6.1 7.2 3.9 179 - 2.4 
2 Green tea  8.5 8.5 5.2 210 - 3.1 
3 NZ black tea 46.6 - 6.8 55.7 2.2 4.1 
4 NZ black tea 45.4 - 7.4 75.3 3.3 4.8 
5 Tr black tea tomurcuk 10.5 - 3.3 15.5 - 2.7 
6 Tr black tea tomurcuk 11.1 - 4.4 13.1 - 3.3 
7 Tr black tea bag 18.5 - 6.9 23.5 - 4.0 
8 Tr black tea bag 18.9 - 6.5 21.4 - 3.9 
9 Instant coffee 5.0 - - - 226 202 

10 Instant coffee 5.4 - - - 286 247 
11 Machine coffee 8.7 - - - 306 229 
12 Machine coffee 7.6 - - - 218 156 
13 DR Turkish coffee 4.4 - - - 242 203 
14 DR Turkish coffee 5.5 - - - 385 334 
15 MR Turkish coffee 4.5 - - - 309 278 
16 MR Turkish coffee 6.6 - - - 355 297 
17 Premium red wine 76.1 - 107 - 33.3a - 
18 Red wine 73.7 - 75.8 - 30.8a - 
19 Linden flower tea 0.9 - - - - - 
20 Linden flower tea 1.0 - - - - - 
21 Sage tea - ‐  - - 2.5 - 
22 Sage tea - ‐  - - 3.5 - 

a the values refer to caffeic acid-type hydroxycinnamic acids which were quantified as 
chlorogenic acid equivalents. 



 

60 
 

Table 4.6. The concentration of  p-coumaric acid (p-Co. A.), syringic acid (Syr. A.), vanillic acid 
(Van. A.), caffeine (Caf.), protocatechuic acid (Pro. A.), protocatechuic aldehyde (P. Ald.) and 
rutin (Rut.) in beverages determined by HPLC 

    Compound Concentration (mg/L) 
  Sample p-Co. A. Syr.A. Van. A. Caf. Pro.A P.Ald. Rut. 

1 Green tea 1.0 - - 138 - - 12.3 
2 Green tea  1.3 - - 164 - - 16.0 
3 NZ black tea 5.1 - - 286 0.5 - 6.3 
4 NZ black tea 16.6 - - 354 0.5 - 73.9 
5 Tr black tea tomurcuk 4.5 - - 149 - - 16.7 
6 Tr black tea tomurcuk 5.0 - - 133 - - 9.7 
7 Tr black tea bag 7.0 - - 223 - - 21.1 
8 Tr black tea bag 6.6 - - 208 - - 14.7 
9 Instant coffee - - - 559 - - - 

10 Instant coffee - - - 741 - - - 
11 Machine coffee - - - 1472 - - - 
12 Machine coffee - - - 1303 - - - 
13 DR Turkish coffee - - - 754 - - - 
14 DR Turkish coffee - - - 998 - - - 
15 MR Turkish coffee 8.2 - - 830 - - - 
16 MR Turkish coffee 15.0 - - 1074 - - - 
17 Premium red wine 11.9 18.0 - - 9.2 4.3 70.5a 
18 Red wine 12.0 28.3 - - 5.7 1.2 66.2a 
19 Linden flower tea 0.4 0.4 - - 3.5 - 12.8 
20 Linden flower tea 0.4 0.4 - - 3.6 - 11.7 
21 Sage tea - - - - - - - 
22 Sage tea - - - - - - - 

a values refer to some other flavonols which were quantified as rutin equivalents. 

As expected, the total catechin (flavan-3-ol) content of the green teas was found to be 

higher than that of the black teas. On the other hand, mainly chlorogenic acid and caffeic 

acid were found to be present in the coffees. For linden flower tea, gallic acid, p-coumaric 

acid, syringic acid, protocatechuic aldehyde and rutin were the determined as the phenolic 

compounds present, consistent with a previous report (Sterbová et al., 2004). Although it 

has been reported that catechin was present in linden flower (Atoui et al., 2005), this 

compound was not identified in the present samples. Due to the limitations of available 

standard compounds, not all of the compounds could be identified, especially those 

present in sage and linden flower teas.  
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4.3.2. CVs of Phenolic Compound Solutions 

In a number of previous studies on the application of cyclic voltammetry to characterise 

beverage polyphenols, 3 mm or larger diameter glassy carbon electrodes have been 

widely applied without additional modification (Chevion and Chevion, 2000, Zielinska et 

al., 2008a, Kilmartin and Hsu, 2003). However, an electrode with a smaller surface is 

often not sensitive enough to detect the antioxidant in the level present in beverages, as 

discussed in Chapter 3. Due to adsorption of polyphenol oxidation products and its effects 

on the electrode surface, only the first voltammetric scan is usually used for sample 

analysis (Makhotkina and Kilmartin, 2009, Türke et al., 2012). Also, the attachment of 

tested compound on a PEDOT electrode has been found and discussed in a previous 

chapter under section 3.3.6. For that reason, a new PEDOT electrode was prepared before 

each test. pH is an important factor affecting the antioxidant strength of a compound. The 

pH value of foods and beverages varies, moreover, after their consumption; compounds 

are metabolized at different pH values in the body. Instead of measuring the sample at a 

fixed pH, the pure compounds were tested in phosphate buffer solution prepared at a pH 

similar to that of each beverage sample. Electrochemical analysis of gallic acid, 

epicatechin, catechin, epigallocatechin gallate, chlorogenic, p-coumaric, syringic and 

vanillic acids was performed by cyclic voltammetry using the optimized PEDOT-

electrode. The obtained cyclic voltammetry parameters of the compounds are listed in 

Table 4.7. and 4.8. for each pH value. The plots of E⁰’ (formal potential) vs. pH were 

drawn by using (Ep/2 + Epa)/2 as an estimate value of E⁰’, as it is an estimation of the 

formal potential that can be made even when there is no cathodic peak in reverse scan 

(required when using Emid as an estimate of the formal potential).  

Gallic acid at concentration of 0.75 mM was tested by cyclic voltammetry and the 

resulting voltammogram is shown in Figure 4.2. One sharp oxidation peak between 193 

and 389 mV was observed, dependent upon the pH value of the solution. The obtained 

cyclic voltammetry parameters are listed in Table 4.7. Similar results have been reported 

in a previous study (Kilmartin et al., 2001). The voltammogram of gallic acid showed 

only an oxidation peak, which indicated that the reaction was irreversible and oxidation 

products might undergo a chemical reaction.  The formal potential ((Ep/2 + Epa)/2 was 

taken as E0’) vs. pH plot of gallic acid (Appendix B.1.A) was found to be linear in the 

tested pH range with a slope of -81.7 mV per pH, which is close to the value indicative of 
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a 3H+ and 2e- reaction, however, it has been reported to be 2H+ and 2e- reaction (Figure 

4.3.) (Novak et al., 2009, Gunckel et al., 1998). This slope value was higher than 

expected, which might be due to the broad nature of the peak.  

Electrochemical characterization of gallic acid has been made using square wave (Novak 

et al., 2009), differential pulse and cyclic voltammetry methods (Gunckel et al., 1998). In 

the report of Novak et al., two oxidation peaks have been observed at around 400 and 750 

mV vs. Ag/AgCl in the voltammograms undertaken at pH 3. The first oxidation peak has 

been associated with the oxidation of the galloyl group, as shown in Figure 4.3. On the 

other hand, the second peak has been ascribed to the oxidation of the third hydroxyl of the 

galloyl group, since oxidation of the acidic group (-COOH) only occurs at a very high 

potential (c. 2 V) (Novak et al., 2009). In addition, one ill-defined reduction peak at -120 

mV, but only for the pH 3.65 solution, was observed, and there was one reduction peak at 

around 375 mV for the square wave voltammogram for a pH 3 solution (Novak et al., 

2009).   

A  B

Figure 4.2. Cyclic voltammograms at a PEDOT electrode (background subtracted), of gallic acid 
(0.75 mM) in model wine solution at pH 3.65 and phosphate buffer at pH 4.5 (A), 5.0, 5.5 and 6.0 
(B).  

 

 

-200 0 200 400 600 800
-2

0

2

4

6

8

10

I 
/ 

A

E / mV (Ag/AgCl)

 pH 3.65
 pH 4.5

-200 0 200 400 600 800
-2

0

2

4

6

8

I /
 

A

E / mV (Ag/AgCl)

 pH 5.0
 pH 5.5 
 pH 6.0



 

63 
 

 

Figure 4.3.  Oxidation reaction of gallic acid (Gunckel et al., 1998) 

The voltammograms of catechin and epicatechin showed reversible peaks in the 300 to 

400 mV range (Ag/AgCl) (Figure 4.4.). As discussed in Chapter 3, the first oxidation 

peak of catechin has been ascribed to the oxidation of ortho-diphenol group on the B-ring, 

while the reverse peak is due to reduction of the diquinone on the B-ring formed during 

the first oxidation peak (Martinez et al., 2005, Janeiro and Oliveira Brett, 2004). 

Regarding the second oxidation peak, there have been two different suggestions; 

according to the report by Janerio and Olivera Brett, this has been attributed to the 

oxidation of 3-OH group on the C-ring (Janeiro and Oliveira Brett, 2004), while other 

researchers have associated this with oxidation of the 5,7-dihydroxyl group on the A-ring  

(Kilmartin et al., 2001, Castaignède et al., 2003, Martinez et al., 2005, Makhotkina and 

Kilmartin, 2010).  Moreover, it has been suggested that new oxidizable species may be 

formed by chemical reactions following the one or two electron oxidation, then, these 

new chemicals can be subsequently oxidized at a different potential, leading to a multi-

peak voltammogram (Martinez et al., 2005).  

The electron-donating properties of the substituent in the B-ring of the flavonoids 

determines the reduction potential (Janeiro and Oliveira Brett, 2004). Oxidation of the B-

ring of catechol is easier than for the meta-diphenol group on the flavonoid A-ring, and 

the B-ring of catechol thus has a lower redox potential. In a voltammetric study on the 

electrochemical oxidation of 1 mM catechin in acetate buffer (pH 5.2), oxidation peak 

potentials at around 350 and 700 mV were seen, and a reduction peak at around 200 mV 

(Ag/AgCl) (Janeiro and Oliveira Brett, 2004). In this study, with catechin in pH 5 and 5.5 

buffered solutions, the oxidation potentials were 270 to 300 and 600 to 640 mV, and the 

reduction potentials at 280 and 320 mV (Ag/AgCl), respectively, consistent with earlier 

studies. In another study (Martinez et al., 2005) on cyclic voltammetry of catechin in a 

model wine solution at pH 3.6, the oxidation potentials were found to be around 400 and 

800 mV, the reduction peak at 300 mV was observed, which were similar values to those 

+ 2H + 2e
‐
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obtained in the present study. In addition, the peak current ratios were found to be around 

0.74 – 0.88, which are close to value of one indicating a reversible oxidation/reduction. 

The ratios were slightly lower than 1 due to a possible chemical reaction occurring after 

first oxidation reaction. 

ΔE values, except pH 3.65, were found to be around 21 – 34 mV, which indicates a 2 e- 

process. Similarly, |Ep/2-Epa| values were found to be around 40 – 30 mV, also indicating a 

2 e- process, although the shape may also be affected by electrode adsorption. The slopes 

of formal potential vs. pH plots of catechin (Appendix B.2.A.) and epicatechin (Appendix 

B.2.B) were found to be -70.1 and -69.4 mV per pH, respectively, which close to 59 mV 

per pH and indicating a 2H+ and 2e- reaction. 

A

 

B

C D

Figure 4.4. Cyclic voltammograms at a PEDOT electrode (background subtracted), of catechin 
(0.10 mM) in model wine solution at pH 3.65 and phosphate buffer at pH 4.5 (A), 5.0, 5.5 and 6.0 
(B), and epicatechin (0.10 mM) in model wine solution at pH 3.65 and phosphate buffer at pH 4.5 
(C), 5.0, 5.5 and 6.0 (D). 
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The voltammogram of EGCG showed two oxidation peaks with only very small return 

reduction peaks (Figure 4.5.), as reported previously (Kilmartin and Hsu, 2003), although 

the CV at the PEDOT electrode showed a better separation of the peaks. The oxidation 

peaks were found to lie between 140 and 420 mV, depending on the pH, and the 

reduction peaks appeared on the reverse scan at similar potentials but were not at all sharp 

or intense.  

A B

Figure 4.5. Cyclic voltammograms at a PEDOT electrode (background subtracted), of EGCG 
(0.50 mM) in model wine solution at pH 3.65 and phosphate buffer at pH 4.5 (A), 5.0, 5.5 and 6.0 
(B). 

A 

B 

Figure 4.6. The oxidation reaction causes the first (A) and the second (B) peaks in the EGCG 
voltammograms. 
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The slope of the E0’- pH plot for EGCG (Appendix B.2.C.) was found to be -80.7 mV per 

pH which is close to 88.6 mV per pH value, indicative of a 3H+ 2e- process. However, in 

the previous studies, it has been reported that the first peak was due to the oxidation of 

two hydroxyl group on pyrogallol group of EGCG, while the second peak was associated 

with the oxidation of the galloyl group (Novak et al., 2009, Kilmartin and Hsu, 2003). In 

summary, the oxidation reaction of EGCG occurs as in Figure 4.6. 

The cyclic voltammograms of chlorogenic showed one reversible peak at between 275 

and 415 mV (Figure 4.7.). The results were similar to a previous study on electrochemical 

analysis of chlorogenic acid in solutions at various pH values (Namazian and Zare, 2005).  

A B

Figure 4.7. Cyclic voltammograms at a PEDOT electrode (background subtracted), of 
chlorogenic acid (0.15 mM) in model wine solution at pH 3.65 and phosphate buffer at pH 4.5 
(A), 5.0, 5.5 and 6.0 (B).  

The formal potential vs. pH plot had a slope of -57 mV per pH unit until a pH of 7.8 

which indicated that the reaction involved equal numbers of protons and electrons (Figure 

4.8.) according to the associated Nernst equation. In this study, the slope (Appendix 

B.1.B) was found to be -62.8 mV per pH unit, which is close to the theoretical value of 59 

mV which is consistent with previous reports (Zare and Golabi, 1999, Namazian and 

Zare, 2005). Moreover, the intercept (at pH = 0) was 614 mV (Ag/AgCl), being the 

standard reduction potential of chlorogenic acid, which is consistent with a previous 

report (617 mV vs. SCE) (Namazian and Zare, 2005). Although voltammetric parameters 

were found to fit to the Nernst equation, the voltammogram of chlorogenic acid showed 

some indication of its adsorption on electrode given by the oxidation and reduction 
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currents being close to zero current before and after the peaks. The Ipc/ Ipa values were 

quite close to one. In the case where either oxidized or reduced particle are adsorbed, the 

peaks may be seen along with the normal diffusion controlled peaks. When a reactant is 

adsorbed weakly, the forward scan peak is observed to be greater than the reverse scan 

peak (Compton, 2011). This might be the reason of observing slightly a different ratio 

than 1. Adsorption might be due to the negative charge on the carboxyl group of 

chlorogenic acid at the tested pH, and this was electrostatically adsorbed into conducting 

polymer film due to the positive charge on PEDOT since the tested pH values were 

higher than pKa value of carboxyl group on chlorogenic acid has (~3.4) (Hynes and 

O'Coinceanainn, 2004).  

 

Figure 4.8. Oxidation reaction of chlorogenic acid (Namazian and Zare, 2005). 

By contrast, p-coumaric, syringic and vanillic acids gave an oxidation peak at a higher 

electrode potential, which was not directly reversible (Figure 4.9.). What was seen were 

reduction peaks at lower electrode potentials on the reverse reduction scans, expected to 

be due to newly formed oxidation products. The quinones that are formed from the 

oxidation of phenolic compounds are unstable chemicals. The absence of a return 

cathodic peak can point to a rapid chemical reaction of the oxidised polyphenol, leading 

to its removal (Simic et al., 2007). The oxidised polyphenols can undergo various 

reactions and form complex molecules, new dimeric compounds and various addition 

products. As a result of forming different compounds, the electrochemical signals can 

change, for example, producing extra oxidation and reduction peaks during subsequent 

cyclic voltammetry. Even in the case of catechol-containing polyphenols such as caffeic 

acid, the o-quinone derivative form of caffeic acid can undergo chemical reactions and 

form further products (Reyes-Salas et al., 2002). This modified product can be observed 

as a new electrochemical signal on subsequent voltammograms. In this study, second 

cycles of p-coumaric, syringic and vanillic acids showed extra new peaks as expected 

(Data not shown). 
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A B

C D

E F

Figure 4.9.  Cyclic voltammograms at a PEDOT electrode (background subtracted), of p-
coumaric acid (0.20 mM) in model wine solution at pH 3.65 (A) and phosphate buffer at pH 4.5, 
5.0, 5.5 and 6.0 (B), syringic acid (0.15 mM) in model wine solution at pH 3.65 and phosphate 
buffer at pH 4.5 (C), 5.0, 5.5 and 6.0 (D), vanillic acid (0.25 mM) in model wine solution at pH 
3.65 and phosphate buffer at pH 4.5 (E), 5.0, 5.5 and 6.0 (F). 
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The observed oxidation peak potentials for these compounds were found to be consistent 

with previous reports (Yakovleva et al., 2007, Kilmartin et al., 2001, Makhotkina and 

Kilmartin, 2010, Hotta et al., 2002). p-coumaric, syringic and vanillic acids are weak 

antioxidants due to their chemical structures, which do not contain di-phenolic structures, 

but they simply possess one hydroxyl group. Therefore, the oxidation peaks were 

measured to be high values. 

For p-coumaric acid, ΔE values were found to be higher than 300 mV. This high peak 

separation might be due to the fact that reduction peak is formed from a chemical 

reaction, such as a dimerization. |Ep/2-Epa| values were close to 59 mV indicating a 1e- 

process, which is consistent with a previous report (Janeiro et al., 2007) in which a value 

of 46 mV for |Ep/2-Epa| was reported. However; the slope of peak potential vs. pH plot was 

found to be -59 mV per pH and oxidation of p-coumaric acid  involved 1 H+ and 1e- , 

while in our study the slope of E0’ vs. pH plot was -86.6 mV per pH indicating a 3 H+ and 

2e- reaction. On the other hand, |Ep/2-Epa| values for syringic acid were found to be around 

33 mV indicating a 2 e- process, while the slope of E0’ vs. pH plot was -86.7 mV per pH 

indicating 3 H+ and 2 e-, while it has been reported to be 1 H+ and 1 e- (Gargouri et al., 

2013, Yakovleva et al., 2007). Similarly, vanillic acid |Ep/2-Epa| values were between 37 – 

47 mV indicating 2 e- process, the slope was found to be -93.2 mV indicating 3 H+ and 2 

e- process. This might be due to an effect of adsorption of the compound affecting the 

determination of E0’. pKa values of p-coumaric, vanillic and syringic acid were reported 

to be 4.6, 4.08 and 3.86 (Xie et al., 2013, Leenders et al., 2007), respectively. At pH 

values higher than 4, these compounds possess a negative charge due to deprotonation 

which makes them able to be attracted to positively charged units of PEDOT film. 

In general, E0’ vs. pH plots for all tested compounds were found to be linear in the tested 

pH ranges. It would be non-linear if the tests were performed at higher pH values, which 

are higher than the pKa values of the phenolic OH groups (typically varies from 7 to 13), 

since these hydroxyl groups will be deprotonated only at a high pH. 



 

 
 

Table 4.7. Cyclic voltammetry parameters for phenolic compound solutions; gallic acid, epicatechin, catechin and epigallocatechin gallate 

  E in mV (Ag/AgCl)    

 Conc. 
(mM) 

  Emid 
(Epa+Epc)/2 

E0’  
(Ep/2+Epa)/2 

ΔE 
(Epa-Epc) 

 I p 
(µA) 

 
Compound pH Epa Epa2 Epc1 Epc2 Epc3 Epa/2 |Ep/2-Epa| 

Gallic acid 0.75 3.65 389 - (-120) - - 345 - 367 - 44 10.5 - 

4.5 361 - - - - 303 - 332 - 58 9.96 - 

5 292 - - - - 246 - 269 - 46 7.82 - 

5.5 239 - - - - 211 - 225 - 28 7.23 - 

6 193 - - - - 173 - 183 - 20 7.82 - 

Epicatechin 0.1 3.65 389 719 332 350 361 370 57 39 3.15 0.74 

4.5 336 674 305 - - 294 321 315 31 42 2.14  0.74 

5 287 623 259 - - 252 273 269 28 35 2.6 0.79 

5.5 257 598 236 - - 226 247 242 21 31 2.53 0.75 

6 224 551 203 - - 193 214 208 21 31 2.3 0.77 

Catechin 0.1 3.65 406 731 340 - - 365 373 386 66 41 1.6 0.81 

4.5 346 692 312 - - 314 329 330 34 32 2.04 0.77 

5 304 644 273 - - 267 289 286 31 37 2.04 0.75 

5.5 273 605 246 - - 238 260 256 27 35 2.3 0.78 

6 238 556 216 - - 208 227 223 22 30 1.74 0.88 

EGCG 0.5 3.65 331 420 296 394 - 280 - 306 - 51 5.5 - 

4.5 300 400 267 385 - 261 - 280 - 39 6.44 - 

5 217 321 200 315 - 187 - 202 - 30 8.13 - 

5.5 184 282 185 300 - 155 - 170 - 29 4.9 - 

6 139 227 131 250 - 113 - 126 - 26 7.8 - 

Standard deviations for E values were typically less than 5 mV. 
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Table 4.8. Cyclic voltammetry parameters for phenolic compound solutions; chlorogenic acid, p-coumaric acid, syringic acid and vanillic acid.  

  
E in mV (Ag/AgCl)   

Conc. 
(mM) 

  
Emid 

(Epa+Epc)/2 
E0’ 

(Ep/2+Epa)/2 
ΔE 

(Epa-Epc) 
|Ep/2-Epa| 

 

 Compound pH Epa Epa2 Epc Epc2 Epc3 Epa/2 
I p 

(µA) 
Chlorogenic acid 
 

0.15 
 

3.65 415 - 388 - - 380 401 398 27 35 1.90 0.86 
4.5 383 - 342 - - 344 363 364 41 39 2.29 0.91 
5 328 - 298 - - 290 313 309 30 38 2.24 1.05 

5.5 302 - 280 - - 269 291 286 22 33 2.97 0.88 
6 275 - 246 - - 237 261 256 29 38 3.98 0.90 

p-Coumaric acid 0.2 3.65 780 - 445 - - 705 613 743 335 75 2.24 - 

4.5 720 - 397 - - 655 559 688 323 65 2.23 - 

5 651 - 347 - - 593 499 622 304 58 2.67 - 

5.5 612 - 314 - - 568 463 590 298 44 2.09 - 

6 562 - 275 - - 523 419 543 287 39 1.41 - 

Syringic acid 
 

0.15 
 

3.65 628 - 38 195 380 598 - 613 - 30 3.65 - 
4.5 562 - -13 147 325 594 - 578 - 32 3.64 - 
5 525 - -43 119 296 478 - 502 - 47 3.53 - 

5.5 472 - -62 93 247 437 - 455 - 35 4.56 - 
6 440 - -96 59 209 407 - 423 - 33 3.73 - 

Vanillic acid 
 

0.25 
 

3.65 743 - 123 270 436 700 - 722 - 43 5.5 - 
4.5 743 - 127 272 433 700 - 721 - 43 5.88 - 
5 632 - 52 201 335 585 - 608 - 47 3.59 - 

5.5 579 - 24 164 295 539 - 559 - 40 3.72 - 
6 547 - 2 143 270 510 - 528 - 37 2.75 - 

Standard deviations for E values were typically less than 5 mV. 
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4.3.3. CVs of Beverages 

Different dilution levels were tested in order to find the optimum concentration for 

running the cyclic voltammograms of the beverages at the PEDOT-coated electrode. This 

was defined as the concentration that produces the maximum analytical signal in the 

linear range in plots of peak current versus concentration. It can be noted that above a 

certain concentration, a linear increase in peak current with concentration no longer holds 

as the electrode is somewhat swamped by the amount of polyphenol present. As a result, 

5-fold dilution for green and black teas, 20-fold dilution for coffees,  10-fold for red 

wines, 2-fold for linden flower tea and 4-fold dilution for sage tea, were found to be 

suitable. By contrast, it was found that dilutions of green teas up to 400-fold were 

required to reach a linear concentration range for CV at a bare 3 mm dia. glassy carbon 

electrode (Kilmartin and Hsu, 2003). Thus, through the application of a PEDOT coating, 

a 1 mm dia. electrode is able to be used, and the required beverage dilution factor was 

also decreased. The small surface was enhanced by covering PEDOT film which provides 

a porous and rough structures, thus actually creating a larger real surface area. The 

beverage samples were of a different pH, as listed in Table 4.9., which determined the 

phosphate buffer pH used for the dilutions. The obtained CVs for each sample type are 

shown in Figure 4.11. (The voltammograms of each sample are provided in an appendix.) 

The CVs of the beverages showed various oxidation and reduction peaks due to their 

different antioxidant content (Figure 4.10. and Table 4.9.). In the CVs of the green teas 

(Figure 4.10A), two oxidation peaks were observed at around 200 and 300 mV, which 

were assigned principally to EGCG, determined to be the major compound present in the 

green teas by HPLC (Table 4.5.). The CV of EGCG at pH 5.5 also showed two oxidation 

peaks at around 185 and 280 mV (Table 4.7.).  

Although the CV of black tea gave one oxidation peak at around 300 mV, some of the tea 

samples showed two oxidation peaks close to each other, as shown in Figure 4.10B. This 

indicated that, on occasions, epigallocatechin gallate had not been completely converted 

to theaflavins and other oxidised products during black tea making and was still present in 

the black teas. The HPLC data also confirmed the presence of EGCG in these particular 

black tea samples. With other more fully fermented black teas, a single broad anodic peak 

was obtained, and the disappearance of EGCG could be clearly determined, showing that 

CV can be used to follow the extent of black tea fermentation. 
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Figure 4.10. Cyclic voltammograms at a PEDOT electrode measured between -200 mV and 800 
mV at 100 mV/s. (A) green tea (5-fold diluted, pH 5.5 sample no:2), (B) black tea (5-fold diluted, 
pH 5.5, sample no: 3 and5), (C) coffee (20-fold diluted, pH 5.5, sample no:13), (D) linden flower 
tea (2-fold diluted, pH 5.5, sample no:19) and (E) sage tea (4-fold diluted, pH 6.0, sample no 
21)and red wine (10-fold, pH 3.65, sample no: 17). The background response of the PEDOT-

electrode in the buffer solution has been subtracted from each curve.  

On the other hand, the eight coffee samples showed very similar CV results (Figure 

4.10C). The CVs showed reversible peaks associated with the chlorogenic acid content, 

found to be the main polyphenol present by HPLC. When chlorogenic acid was tested as 

a pure compound, it showed an oxidation peak between 270 and 330 mV, as the pH was 

decreased from 6.0 to 5.0 (Table 4.8.). Although the oxidation potentials of the coffee 

samples were similar, there were slight differences due to the other components present in 
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the coffees. It has been reported that other phenolic compounds present in green coffee 

beans were caffeic, ferulic, caffeoylquinic, dicaffeoylquinic, feruloyquinic and p-

coumaricoylquinic acids. The phenolic profile of coffee has been found to be different 

since coffee processing causes various reactions such as isomerization, hydolyzation and 

degradation of the compounds (Mario, 2010, Farah and Donangelo, 2006). The 

electrochemical reactions of those compounds can contribute to the CV of the coffee 

samples.  

Table 4.9. Cyclic voltammetry parameters and pH values for the beverages 

   E in mV (Ag/AgCl) 

  Sample name pH Epa1 Epa2 Epc 

1 Green tea 5.5 197 296 - 

2 Green tea 5.5 180 264 - 

3 New Zealand black tea 5 289 359 - 

4 New Zealand black tea 5 353 - - 

5 Turkish black tea tomurcuk 5 342 - - 

6 Turkish black tea tomurcuk 5 324 - - 

7 Turkish black tea bag 5 319 - - 

8 Turkish black tea bag 5 318 - - 

9 Instant coffee 5 360 - 336 

10 Instant coffee 5 344 - 309 

11 Machine coffee 5.5 315 - 269 

12 Machine coffee 5.5 287 - 256 

13 Double roasted Turkish coffee 5.5 323 - 294 

14 Double roasted Turkish coffee 5.5 320 - 277 

15 Medium roasted Turkish coffee 5 317 - 290 

16 Medium roasted Turkish coffee 5 437 - 290 

17 Premium red wine 3.65 423 675 298 

18 Red wine 3.65 435 671 293 

19 Linden flower tea 5.5 275 543 228 

20 Linden flower tea 5.5 277 541 226 

21 Sage tea 6 215 547 184 

22 Sage tea 6 229 - 188 
Standard deviations for E values were typically less than 5 mV. 

HPLC analysis showed that linden flower tea samples contained gallic acid, p-coumaric 

and syringic acids. The CV of the linden flower tea sample (at pH 5.5) showed two 

oxidation peaks (at 275 and 540 mV) and one reduction peak (226 mV) (Figure 4.10D). 
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The first oxidation peak was close to that of gallic acid at pH 5.5 and the second peak was 

close to the oxidation potentials of p-coumaric and syringic acids. Also, flavonols and 

protocatechuic aldehyde were detected in linden flower teas, while 3,4-

dihydroxybenaldehyde, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, rosmarinic acid 

and vanillin have also been identified (Sterbová et al., 2004). 

On the other hand, the Sage CV (pH 6) showed a reversible oxidation peak at around 220 

mV (Figure 4.10E). HPLC analysis showed that chlorogenic acid was present in the sage 

teas. However, the concentration of chlorogenic acid was quite low and represented only 

0.46 % of the total phenolic content (by the FC method). It has been reported that main 

phenolic compounds present in sage tea are carnosic and rosmarinic acids (Wang et al., 

1998, Lu and Yeap Foo, 2001). Recently, it has been reported that electrochemical 

oxidation of rosmarinic acid showed a reversible peak (de Souza Gil et al., 2012).  

The voltammograms of the red wine samples showed two oxidation peaks at around 430 

and 670 mV, with a reduction peak at around 300 mV (Figure 4.10F). This result is 

consistent with a previous report (Kilmartin et al., 2002a), which was an electrochemical 

analysis of wine samples at a bare 3 mm dia. glassy carbon electrode.  The first oxidation 

peak was associated with the oxidation of strong antioxidants such as ortho-diphenols. 

HPLC analysis showed that red wine samples contained gallic acid, catechin and various 

hydroxycinnamic acids, which the phenolic compounds with an oxidation peak at around 

400 mV at pH 3.65. Moreover, p-coumaric and syringic acids were detected by HPLC 

analysis and the oxidation peaks were found to be higher than 600 mV at pH 3.65. In 

addition, the detected compounds showed a reduction peak between 300 and 450 mV, 

while a reduction peak at around 300 mV was observed in the voltammograms of the red 

wines. Therefore, this reduction peak can be attributed to the identified compounds. In 

addition, there were numerous unidentified phenolic compounds in the chromatograms. 

According to various reports (Kilmartin et al., 2002a, Makhotkina and Kilmartin, 2010), 

quercetin, myricetin, trans-resveratrol, caftaric acid, ferulic and vanillic acids have been 

identified in red wine samples. As a result of electrochemical analysis, it was concluded 

that the second oxidation peak in the voltammograms of red wines can be associated with 

the malvidin anthocyanins, ferulic acid and trans-resveratrol content.  While a minimum 

400-fold dilution has been required to test red wines in previous studies with a 3 mm dia. 

glassy carbon electrode (Kilmartin et al., 2001, Kilmartin et al., 2002a), a 10-fold dilution 
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showed well defined peaks in linear concentration range at the PEDOT covered 1 mm 

dia. glassy carbon electrode in this study.  

4.3.4. Simulations 

It was expected that the major phenolic antioxidants present in the samples would be 

dominant in the sample voltammograms at certain electrode potentials. In order to 

demonstrate this fact, simulations of green, black teas and coffee were calculated and 

tested based on HPLC analysis. Gallic acid, catechin, EGCG and p-coumaric acid were 

used in simulation of green and black teas while gallic and chlorogenic acids were used 

for coffee. The concentrations needed in the diluted solutions for CV tests were calculated 

based on HPLC results; gallic acid (8.0 µM), catechin (10 µM), EGCG (84 µM) and p-

coumaric acid (1.4 µM) for green tea; gallic acid (30 µM), catechin (4 µM), EGCG (15 

µM) and p-coumaric acid (9.0 µM) for black tea; gallic acid (2.5 µM) and chlorogenic 

acid (41 µM) for coffee. The solutions were prepared and mixed to obtain the simulation 

solution. The mixtures were tested by CV (Figure 4.11A, B and C). In addition, the above 

mentioned concentrations were obtained by calculation of the voltammograms of the 

individual phenolic compounds and the sum of the voltammograms gave the calculated 

simulation (Figure 4.11D, E and F). For comparison, the average of sample 

voltammograms was taken for each type of sample (Figure 4.11G, H and I). As a result, 

the simulations showed similarities with the samples. The two main oxidation peaks 

related to EGCG were observed in both green tea simulations as in the real sample CV. In 

the voltammograms of the green tea simulations, an ill-defined peak at around 600 mV 

was observed which might be due to p-coumaric acid. However, there was a broad peak 

in the real sample in similar potential range. Similarly, the simulation of the black tea 

showed a peak around 600 mV while it was a broader feature in the real sample. This 

difference was observed since other compounds that were not quantified will make 

contributions in the voltammograms of the real tea samples. In general, the current 

intensity was lower than that of real sample since other compounds contribute to the 

current in the real sample CV. Such simulations have been undertaken previously with 

wine samples (Kilmartin et al., 2001), where solutions were prepared by mixing gallic 

acid, catechin, caffeic and caftaric acids, quercetin and myricetin based on HPLC profiles 

of the tested red wine samples. As a result, the voltammograms of simulation solutions 

showed similar peaks as the voltammogram of the original beverages. 
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4.4. Conclusions 

In conclusion, analysis of phenolic antioxidants present in beverages was investigated by 

cyclic voltammetry using the PEDOT-electrode system. In a previous study (Kilmartin 

and Hsu, 2003), a 3 mm diameter bare glassy carbon electrode had been used. In this 

study, the sensitivity of a 1 mm diameter glassy carbon electrode was improved by 

covering with PEDOT film as a redox mediator. In addition, less dilution of the beverages 

samples were required with the PEDOT-based sensor, and the peak sharpness of some of 

the samples such as EGCG and green tea solutions was found to be better. This 

methodology can be used to monitor EGCG content in both green and black tea samples. 

The simulation study also confirmed the fact that the main polyphenols present in the 

beverage solutions determines the shape of the voltammogram. This study again showed 

that cyclic voltammetry can be effectively used as an alternative method to obtain rapid 

resulted on beverage polyphenol content, and at a lower cost than that associated with 

HPLC methods.  



 

 
 

Green tea Black tea Coffee 

 

 

 

Figure 4.11. The voltammogram of the simulation solutions for green tea (A), black tea (B) and coffee (C); the calculated simulation for green tea (D), 
black tea (E) and coffee (F); the average of sample voltammograms for green tea (G), black tea (H) and coffee (I). 
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Chapter 5 

Comparison of Cyclic Voltammetry with 
Spectrophotometric Methods  
 

 

5.1. Introduction 

Various methods have been used to evaluate the amount of antioxidants and their activity 

in foods and beverages. The Folin-Ciocalteu (FC) assay is the most famous and 

commonly used technique for the determination of the total phenolic content (TPC). The 

method is based on a chemical oxidation reaction with a reagent solution including 

phosphotungstic and phosphomolybdic acids, which are two strong organic oxidants. 

Although this method is found to be very simple, sensitive and precise, the specificity is 

inadequate and the reaction is slow under low pH conditions. The reaction is not specific, 

and it can include non-phenolic reducing molecules as well (Stevanato et al., 2004, 

Roginsky and Lissi, 2005, Prior et al., 2005). Numerous interfering agents have been 

reported for the Folin-Ciocalteu assay, and the non-phenolic organic substances include 

adenine, ascorbic acid, amino acids, proteins, inorganic chemicals such as hydrazine, iron 

sulfate, sodium sulfite etc. (Prior et al., 2005). In fact, the Folin reagent is also used in a 

protein determination assay known as the Lowry assay. In order to neutralize the effect of 

ascorbic acid, before mixing with the Folin reagent, ascorbic acid oxidase additions have 

been suggested to remove ascorbic acid from samples; however, the produced hydrogen 

peroxide (oxidant) can also react with the Folin reagent and affect the result (Vinson et 

al., 2001). 

In addition to the Folin-Ciocalteu assay, Prussian blue and o-phenanthroline methods 

have been used for the spectrophotometric evaluation of total phenolic content. According 

to a report on a comparison of the three assays (González et al., 2003), the obtained TPC 

value order was found to be as follows; FC > Prussian blue > o-phenanthroline. Also, the 

Prussian blue method was reported to be the most sensitive method with an ability to 

detect phenolics at concentrations lower than 1 µg/L, while FC showed the lowest 

sensitivity. However, the FC method was found to be more reproducible. The Prussian 
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blue assay has precipitation problems and requires a highly skilled operator. o-

Phenanthroline has problems in terms of time requirement sand pH sensitivity. The 

differences in results are found to be due to the reagent sensitivity and different redox 

potentials of the system. It has been found that phenol groups show a higher reducing 

capacity in a more basic medium. The medium used in the FC assay is basic and this 

involves more reducing agents. On the other hand, an acidic medium is used in both the 

Prussian blue and o-phenanthroline methods.    

Another method for total phenolic compound determination is the Fast Blue BB 

spectrophotometric method, which is carried out with the Fast Blue BB diazonium salt 

under basic conditions.  In testing strawberries in terms of total phenolic content, FC and 

Fast Blue BB methods have been used and compared. It has been found that the Fast Blue 

BB assay gave higher and more accurate values (Lester et al., 2012).  

The definition of antioxidant activity is the capacity of a compound or compounds to 

inhibit oxidative reactions (Roginsky and Lissi, 2005). Numerous methods have been 

used to evaluate and monitor antioxidant activity in foods and beverages. For example, 

some of the commonly preferred methods are the oxygen radical absorbance capacity 

(ORAC) assay, the chemiluminescence method, photochemiluminescence assay, β-

carotene bleaching assay, ferric reducing antioxidant power (FRAP), and Trolox 

equivalent antioxidant capacity (TEAC) assays (Roginsky and Lissi, 2005, Prior et al., 

2005). 

The ABTS and DPPH radical scavenging assays are indirect measurements of antioxidant 

activity (Roginsky and Lissi, 2005).  The 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS) radical scavenging assay is based on decolourization of the 

ABTS•+ molecules generated by reaction between ABTS and potassium persulfate. 

Generally, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), which is a 

water soluble vitamin E analogue, is used as a standard antioxidant and the relative 

activity is expressed as Trolox Equivalent Antioxidant Capacity (TEAC) (Re et al., 1999).  

Although the ABTS radical scavenging assay is the most popular due to its simplicity, it 

has several limitations. It has been reported that the reaction between the ABTS•+ radical 

and many phenolics occurs slowly. Therefore, the measurement depends upon time of 

interaction and the ratio of antioxidants to ABTS•+ radicals. The reaction can take a long 

time to reach an endpoint. However, a measurement at an earlier time can give a relative 
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value and provide an activity ranking order for the antioxidants. Another limitation of the 

ABTS method is the poor H-atom selectivity of radicals, as radicals can react with 

hydroxyl groups that do not play a role in the antioxidant activity. Also, differences have 

been noted between reported TEAC values due to use of different radical cation 

preparation and incubation times (Roginsky and Lissi, 2005).  Another disadvantage of 

the ABTS assay is that radical cation solutions need to be prepared no more than 14 hours 

before the assay is undertaken to obtain a stable radical solution. Also, the compounds 

with a redox potential lower than that of ABTS radical, located at 515 mV vs. Ag/AgCl in 

aqueous at pH 4.0 (Bourbonnais et al., 1998), react with the ABTS radical, which 

includes many, but not all, phenolic antioxidants (Prior et al., 2005).  

The DPPH method is based on the measurement of decolourization of 2,2-diphenyl-1-

picrylhydrazyl (DPPH) radicals as a result of a reaction with H-donor antioxidants 

(Roginsky and Lissi, 2005). In addition, evaluation of DPPH radical scavenging has been 

performed by electron spin resonance (ESR) measurement (Stevanato et al., 2004) and 

HPLC analysis (Bandonienė and Murkovic, 2002). An advantage of the DPPH assay over 

the ABTS assay, is that the DPPH radical does not need to be prepared overnight before 

the assay. However, this assay also has problems. A limitation of the DPPH assay is that 

the compounds cannot have an absorbance at the measurement wavelength, otherwise 

they will interfere with the result. For example, it has been found that carotenoids absorb 

light at 515 nm, which is the wavelength used in the DPPH assay. Moreover, it has been 

reported that decolourization of DPPH can be brought about by reducing agents as well as 

through H transfer, thus, causing an unreliable evaluation (Prior et al., 2005).  

Due to various limitations of each assay, the use of a combination of at least three assays 

has been suggested to evaluate antioxidants (Prior et al., 2005). For example, the 

antioxidant activity of  various beverages  (Seeram et al., 2008) and fruit extracts 

(Thaipong et al., 2006) has been evaluated by the combined use of the ABTS, DPPH 

ORAC, FRAP and LDL inhibition tests.  

Cyclic voltammetry has been also used for the evaluation of antioxidant activity based on 

electrochemical oxidation of antioxidants. The potential at which oxidation occurs 

provides information about the strength of the antioxidant compound, while the 

concentration is related to the peak current of a pure antioxidant solution, or to the area 

under an anodic peak in complex mixtures such as food and beverage samples.  
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The antioxidant activity of plasma antioxidants has been determined by CV, ABTS and 

DPPH radical scavenging assays (Martinez et al., 2006). It has been found that there are 

two broad oxidation peaks between 200-600 mV and 600-900 mV vs. Ag/AgCl in the 

voltammogram of plasma.  The first peak has been associated with ascorbic acid and uric 

acid. Peak areas were calculated for the potential ranges between 200-600 and 600-900 

mV. The results obtained for the area of the first showed a good correlation with DPPH 

results; however, the correlation was not high with ABTS values.  It has been suggested 

that this might be due to the ABTS measurement involving antioxidants oxidized in the 

region of the second voltammetric peak as well. 

In a study on antioxidant analysis of flavonoids (Firuzi et al., 2005), researchers have 

used both the ferric reducing antioxidant power (FRAP) and cyclic voltammetry methods. 

The compounds with the lowest anodic peak potential showed the highest antioxidant 

activity in the FRAP assay. The results obtained were explained in terms of chemical 

structure and the total number of hydroxyl groups was related to the antioxidant activity 

of the compounds. However, although the correlations have been found to be very low 

between the numbers of hydroxyl groups and FRAP values, when comparing all 

subclasses of flavonoids, a better correlation was found when the comparison was run 

with an individual subclass. As a result, it has been concluded that the number of 

hydroxyl groups was an effective parameter only when considering the same basic 

structure, since other factors can affect the activity. 

In previous studies on New Zealand wines, the phenolic content has been analysed and 

Q500 values (the charge passed in a CV scan to 500 mV), were used for evaluation of the 

total phenolic content (Kilmartin et al., 2002a, Kilmartin et al., 2001, Zou et al., 2002). In 

general, the spectrophotometric-based assays showed higher values for the total phenolic 

content compared to the results obtained from the Q500 values, since the Folin-Ciocalteu 

assay included interfering compounds and phenolic compounds that are only oxidized at 

potentials greater than 500 mV. At the same time, a good correlation was observed 

between the assays; correlations of 0.91 and 0.73 were found for white and red wine 

samples, respectively (Kilmartin et al., 2002a). 

The evaluation of antioxidant activity of buckwheat sprout extracts was carried out by 

cyclic voltammetry, photochemilumincescence, TEAC and the Folin-Ciocalteu assays 

(Zielinska et al., 2007a). The total charge under the anodic peak showed good correlation 



 

83 
 

values with other assays. It was concluded that cyclic voltammetry was simple, low cost 

and suitable for antioxidant activity evaluation with the plant extracts.  

Cyclic voltammetry has been found to be a promising method for antioxidant 

determinations. While the peak potential gives information about the redox property of 

the compounds, the peak current and area are related to compound concentrations. CV 

has been widely used in the determination of total antioxidant content and antioxidant 

activity. As explained in previous chapters, the sensitivity of a 1 mm dia. glassy carbon 

electrode was improved by covering with PEDOT, and was used in the electrochemical 

analysis of individual antioxidants and beverages. In this chapter, the evaluation of the 

total antioxidant content of samples was performed by the cyclic voltammetry method 

using a PEDOT electrode, and the results were compared with spectrophotometric 

methods, namely the Folin-Ciocalteu method, ABTS and DPPH radical scavenging 

assays. 

5.2. Materials and Methods 

5.2.1. Reagents  

The Folin-Ciocalteu reagent, 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH), 2,2’-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), (±)-6-

hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), gallic acid, catechin, 

syringic acid, chlorogenic acid potassium persulfate and sodium carbonate were 

purchased from Sigma-Aldrich. 

5.2.2. Folin-Ciocalteu Assay 

An alternative TPC measure of the beverage samples was obtained using the Folin-

Ciocalteu reagent. This procedure is based on spectrophotometric measurement of the 

blue product of the reaction between phosphomolybdic/phosphotungstic acid complexes 

and the polyphenols present (Karaosmanoglu et al., 2010). Briefly, 1.25 ml of Folin-

Ciocalteu reagent (0.2 N) and 1.0 ml of sodium carbonate solution (7.5%) were added to 

test tubes containing 250 µl of appropriately diluted samples, and the final volume was 

adjusted to 5 ml with Milli-Q water. Then, the mixture was allowed to stand for 2 hours 

in the dark and the final absorbance was measured at 765 nm using a Shimadzu UV-1700 
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UV-Vis spectrophotometer. TPC values were obtained using a gallic acid standard curve 

(from 50 to 1000 mg/L).  

5.2.3. DPPH Radical Scavenging Assay 

The DPPH radical scavenging method was applied as previously described (Zhu et al., 

2002) with some minor modifications. The DPPH radical was prepared at a concentration 

of 0.1 mM in ethanol. An appropriately diluted sample (4-fold for teas, 8-fold for coffees 

and wines) was mixed with the radical solution in the ratio of 1:40 (20 µl sample and 2 ml 

of the DPPH free radical solution), and then the mixture was left in the dark for 20 min. 

Milli-Q water was used as a control. In addition to the beverages, catechin, syringic and 

chlorogenic acids were tested at a concentration of 0.5 mM in pH 6.0 phosphate buffer. 

All tests were carried out in triplicate. The absorbance measurements for the DPPH 

radical were taken at 517 nm, and the percentage inhibition of DPPH was calculated as 

follows: 

% Inh = [(Acontrol-Asample)*100]/Acontrol                                                   

Acontrol and Asample are the absorbance values of the control and sample, respectively. 

Trolox was used as the standard antioxidant and was tested in the concentration range of 

0.025 to 1 mM. Trolox equivalent antioxidant capacity (TEAC) values of the samples 

were calculated using the Trolox standard curve.  

5.2.4. ABTS Radical Scavenging Assay 

The ABTS radical scavenging assay was also performed to determine the antioxidant 

activity of the samples (Re et al., 1999). The ABTS radical is known to be a stronger 

oxidising agent than the DPPH radical. An aqueous solution of the ABTS radical was 

prepared by reacting an ABTS stock solution at 7 mM concentration with potassium 

persulfate (final concentration 2.45 mM). The solution was left in the dark at room 

temperature overnight for stabilization of the radical. The solution was then diluted with 

ethanol to obtain an absorbance reading of 0.700 (± 0.020) at 734 nm (Hsu et al., 2011). 

The samples were diluted with Milli-Q water 4, 8 or 10-fold depending on their activities.  

20 µl of each diluted sample was mixed with 2 ml of ABTS radical solution, and after 

storage in the dark for 20 min, the absorbance was measured at 734 nm. Milli-Q water 

was used as the control, and Trolox was used as the antioxidant standard in the 
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concentration range from 0.1 to 2 mM. Moreover, catechin, syringic acid and chlorogenic 

acid solutions at a concentration of 0.5 mM in pH 6.0 phosphate buffer were tested with 

the same procedure. All tests were carried out in triplicate. The percentage inhibition of 

the ABTS radical was calculated using the same formula as for the %Inh for the DPPH 

assay above. 

5.3.5. Total Antioxidant Evaluation from CV 

Gallic acid standard solutions at concentrations of 0.5, 0.75, 1.25 and 2.0 mM were 

prepared in phosphate buffer solutions at pH 4.5, 5.0, 5.5 and 6.0, and in a model wine 

solution at pH 3.65. The areas under the anodic peak were calculated by taking the 

integral of the anodic current between 0 and 500 mV. For each pH value, the gallic acid 

concentration vs. area (A.mV) was plotted to obtain a standard curve.  The areas under 

the anodic peaks of sample CVs were also calculated in the same way. These values then 

were used to calculate the total phenolic content using a gallic acid standard curve. The 

values were multiplied by sample dilution levels used in CV. Q500 (charge) values were 

also calculated by dividing by 100 which originated from the scan rate of 100 mV/s, thus 

the area under the peak was converted from A.mV to A.s (i.e. coulombs).  

5.3. Results and Discussion 

5.3.1. Total Phenolic Content and Antioxidant Activity of Beverages 

The total phenolic content of beverages was evaluated using the Folin-Ciocalteu assay 

and with gallic acid (GA) as a standard phenolic compound. The equation of the gallic 

acid standard curve was y = 0.0013x (Intercept 0), and the correlation coefficient was 

R2=0.996 (Appendix 10.). The TPC values of the samples are given in Table 5.1. 

According to the FC results, red wines and some of the coffee samples were found to 

have the highest phenolic content, with a value higher than 1500 mg GA/L among the 

tested beverages. The TPC of the green teas and NZ black teas were found to be more 

than 1000 mg GA/L. On the other hand, other black and herbal tea samples showed the 

lowest phenolic content. Linden flower tea possessed the lowest TPC values, with an 

average of 155 mg GA/L. 
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The most effective phenolic antioxidants are generally oxidized at potentials less than 500 

mV. Although the peak current is related to the concentration of antioxidants, the charge 

passed during CV is more suitable for samples containing several antioxidants and which 

have slightly different oxidation potentials, leading to broad CV peaks. To evaluate the 

total content of phenolic antioxidants in the beverages, the area under the anodic peak 

below 500 mV was used, which can be related to the concentration of the most active 

antioxidants present in the samples. Gallic acid was again used as the standard for 

evaluation of the total phenolic antioxidants by cyclic voltammetry. Gallic acid solutions 

in the concentration range of 0.5, 0.75, 1.25 and 2.0 mM at each pH were tested using 

cyclic voltammetry, and the areas under the curves (AUC) were calculated. The standard 

curves were obtained by plotting the AUC vs. gallic acid concentration. Standard curves 

are given in Appendix 11-15.  Beverage TPC values were calculated using standard 

curves, the choice of which depended upon the sample pH. The obtained TPC values 

using the CV method are given in Table 5.1. The TPC order showed similarities to the FC 

method, the results showed a good correlation between the assays (R2= 0.87) (Figure 

5.1.). However, in general, the TPC values obtained by the Folin-Ciocalteu assay were 

higher than those obtained from cyclic voltammetry. This might be due to the Folin-

Cioalteu method including polyphenols that are only oxidised at potentials greater than 

500 mV, and to interfering agents (Prior et al., 2005). There is an advantage of using CV 

for antioxidant activity determination. By changing the potential range in the charge 

calculation, it is possible to take specific strong and/or weak antioxidants into account.  

The antioxidant activities were evaluated using the ABTS and DPPH radical scavenging 

assays, and Trolox was used as a standard to give the Trolox equivalent antioxidant 

capacity (TEAC). The Trolox standard curves are provided in Appendix 16. and 17, and 

the final results are given in Table 5.1. The red wines showed the highest radical 

scavenging activity with a TEAC value around 22 mM, while the TEAC of the coffee 

samples was also found to be greater than 10 mM. Green and black tea samples showed a 

lower activity compared to the  coffees, and the herbal teas showed the lowest activity, as 

expected due to the TPC results. By contrast, the TEAC of red wines was found to be 

lower than the average TEAC of coffees from the DPPH assay. Moreover, the TEAC 

values using the DPPH assay were found to be generally lower than those obtained with 

the ABTS assay. This might be due to the differences between the assays in terms of 

sensitivity, selectivity, the redox potential of radicals and other possible reactions such as 
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dimerization etc. The comparison of TPC by CV with ABTS and DPPH assays gave the 

R2 values of 0.75 and 0.73, respectively (Figure 5.2. and 5.3.). On the other hand, the 

correlation between FC and ABTS assays was 0.84, while DPPH gave lower correlation 

value 0.70 (Appendix 18. and 19.). In addition, a comparison between the ABTS and 

DPPH assays showed a quite low correlation (0.58), which also pointed to differences 

between the assays (Appendix 20.). Interestingly, when only black tea samples were 

included in the comparison, they showed high correlation values, 0.97 with FC, 0.91 with 

ABTS and 0.83 with the DPPH assay, while coffee samples showed a wide distribution.  

Similar results are observed in FC-ABTS and FC-DPPH comparisons. It can be 

concluded that the redox-active ingredients in black tea might provide a most consistent 

response under cyclic voltammetry analysis in relation to the radical scavenging assays.  

 

 

 

 

Figure 5.1. Comparison of TPC values obtained by cyclic voltammetry and with the Folin-
Ciocalteu assay. 
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Figure 5.2. Comparison of TPC values obtained by cyclic voltammetry and TEAC values 
obtained with the ABTS radical scavenging assay.  

 

 

 

Figure 5.3. Comparison of TPC values obtained by cyclic voltammetry and TEAC values 
obtained with the DPPH radical scavenging assay. 
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Table 5.1. Q500 values, TPC values by cyclic voltammetry and Folin-Ciocalteu assay, ABTS and DPPH radical scavenging activities. 

 Q500  TPC by CV TPC by FC TEAC by ABTS TEAC by DPPH 
# Sample Name (µC) (mg GA/L) (mg GA/L) (mM Trolox) (mM Trolox) 
1 Green tea 100 ± 4 1058 ± 45 1456 ± 10 9.2 ± 0.2 2.5 ± 0.1 
2 Green tea 71 ± 5 755 ± 53 958 ± 18 7.6 ± 0.8 3.5 ± 0.2 
3 NZ black tea 94 ± 1 888 ± 13 1519 ± 14 14.0 ± 0.5 3.8 ± 0.1 
4 NZ black tea 52 ± 5 494 ± 43 1088 ± 33 7.7 ± 0.2 2.8 ± 0.2 
5 Turkish black tea tomurcuk 41 ± 1 386 ± 2 987 ± 32 8.9 ± 0.6 2.9 ± 0.2 
6 Turkish black tea tomurcuk 16 ± 1 153 ± 4 514 ± 37 3.3 ± 0.1 0.8 ± 0.2 
7 Turkish black tea bag 39 ± 3 365 ± 31 825 ± 18 5.5 ± 0.2 1.9 ± 0.1 
8 Turkish black tea bag 30 ± 2 285 ± 16 719 ± 8 5.8 ± 0.3 2.0 ± 0.1 
9 Instant coffee 96 ± 5 907 ± 50 1437 ± 24 11.6 ± 0.6 3.6 ± 0.2 
10 Instant coffee 122 ± 7 1148 ± 62 1953 ± 26 17.5 ± 0.4 6.9 ± 0.2 
11 Machine coffee 117 ± 3 1239 ± 35 2024 ± 76 11.0 ± 0.5 4.9 ± 0.0 
12 Machine coffee 91 ± 2 967 ± 19 1925 ± 12 11.6 ± 0.4 5.7 ± 0.0 
13 DR Turkish coffee 152 ± 9 1613 ± 93 1945 ± 20 17.9 ± 0.2 7.8 ± 0.1 
14 DR Turkish coffee 124 ± 5 1317 ± 51 1970 ± 17 19.8 ± 0.5 7.9 ± 0.2 
15 MR Turkish coffee 141 ± 4 1331 ± 34 2019 ± 7 16.8 ± 1.1 6.6 ± 0.0 
16 MR Turkish coffee 148 ± 5 1397 ± 51 2037 ± 20 17.1 ± 2.0 7.4 ± 0.2 
17 Premium Tr red wine 99 ± 1 1295 ± 19 2036 ± 31 22.9 ± 0.6 3.3 ± 0.2 
18 Tr red wine 88 ± 3 1150 ± 43 2024 ± 59 22 ± 0.4 3.1 ± 0.1 
19 Linden flower tea 8 ± 1 88 ± 1 74 ± 4 1.0 ± 0.1 0.6 ± 0.3 
20 Linden flower tea 6 ± 1 63 ± 2 235 ± 14 1.0 ± 0.0 0.5 ± 0.0 
21 Sage tea 31 ± 4 532 ± 59 408 ± 11 2.5 ± 0.2 1.9 ± 0.0 
22 Sage tea 42 ± 4 717 ± 63 888 ± 13 3.3 ± 0.3 1.7 ± 0.1 

The abbreviations are used: Q500 (charge from 0 mV to 500 mV), TPC (Total Phenolic Content), CV (Cyclic voltammetry), FC (Folin-Ciocalteu), TEAC 
(Trolox equivalent antioxidant capacity), NZ (New Zealand), Tr (Turkish), DR (Double Roasted), MR (Medium Roasted). 

8
9
 



 

90 
 

CV gives information about the sum of the active reducing agents present in a sample, a 

measure of the total antioxidants present. Various spectrophotometric methods also 

provide a measure of total antioxidants. However, certain non-phenolic compounds can 

interfere with the results. For example, it has been reported that some substances affect 

the Folin-Ciocalteu assay for total phenols, including aromatic amines, sugars, sulfur 

dioxide, ascorbic acid, organic acids and Fe(II) etc. (Prior et al., 2005).  On the other 

hand, spectrophotometric antioxidant activity tests are not particularly sensitive, as 

compounds that are not antioxidants can absorb at the wavelength of measurement. 

Moreover, it has been reported that the assays often do not give reproducible results, and 

that different levels of antioxidant activity can be obtained due to differences in the ability 

of antioxidants to scavenge the radicals (Thaipong et al., 2006). The pros and cons of 

antioxidant tests were reviewed in a recent report (Apak et al., 2013). The antioxidant 

activity determination by CV has certain advantages over spectrophotometric methods, as 

it is possible to evaluate the overall antioxidant activity without using a radical reagent, 

such as the DPPH or ABTS radicals. CV is a versatile method, wherein antioxidant 

strength is related to oxidation potential, while peak current intensity and area under the 

curve is associated with the total concentration of antioxidants (Blasco et al., 2007).  

5.3.2. The Antioxidant Activity of Phenolic Compounds 

Among the pure phenolic compounds, catechin, chlorogenic and syringic acids at a 

concentration of 0.5 mM in a phosphate buffer (pH 6.0) were also tested by the DPPH 

and ABTS radical scavenging assays. With the DPPH assay, the antioxidant activity order 

was found to be catechin > chlorogenic acid > syringic acid, with TEAC values of 0.17, 

0.16 and 0.14 mM, respectively. On the other hand, the ABTS assay gave a slightly 

different result, as the order of activity was found to be catechin > syringic acid > 

chlorogenic acid with TEAC values 2.91, 1.60 and 1.03 mM, respectively. This result 

indicated that the radical scavenging properties of these phenolic compounds can be 

different against the ABTS and DPPH radicals, as reported previously (Thaipong et al., 

2006).  

According to the CV results, the oxidation potential values of catechin, chlorogenic acid 

and syringic acid at pH 6 were 238 mV (with a 2nd peak at 556 mV), 320 mV and 440 mV 

(Ag/AgCl), respectively. Thus, the antioxidant capacity order would be expected to be 

catechin> chlorogenic acid> syringic acid, which is similar to results obtained with the 



 

91 
 

DPPH assay. It has been reported that the redox potential of ABTS is 515 mV vs. 

Ag/AgCl in aqueous at pH 4.0 (Bourbonnais et al., 1998) while it has been found that 

redox potential of DPPH was 340 mV vs. Ag/AgCl in an aqueous solution at pH 7.0 

(Zhuang et al., 1999). In another study (Hsu et al., 2011), the CVs of radical solutions in 

ethanol showed that the oxidation potential of ABTS•+ was higher than that of DPPH•, 

therefore, ABTS•+ was found to be a stronger oxidant than DPPH• . A compound should 

have a lower redox potential to reduce the test radicals (Prior, Wu et al. 2005). However, 

the ABTS assay showed a different activity order, which might be due to specific 

differences in ABTS radical scavenging ability with the tested compounds.  In 

conclusion, catechin was found to be a strong antioxidant by all of the tested methods, 

which was an expected result because catechin possess two o-dihydroxyl groups; the 

catechol group on the B ring and resorcinol group on the A ring. In addition, a 3-OH on C 

ring increases the antioxidant activity by the planarity of the structure, which allows 

conjugation and electron dislocation (Heim et al., 2002). On the other hand, chlorogenic 

acid has an o-dihyroxy group which makes it stronger than syringic acid with a p-hydroxy 

group (Figure 5.4.). 

 

catechin 

 

 
Chlorogenic acid 

 
 

Syringic acid 
 

Figure 5.4. The hydroxyl groups responsible for antioxidant activity in chemical structure of 
catechin, chlorogenic acid and syringic acid.  
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5.4. Conclusion 

Determination of total phenolic content and antioxidant activity of beverages was 

evaluated by the most commonly used spectrophotometric assays; the Folin-Ciocalteu, 

ABTS and DPPH radical scavenging assays. The total antioxidant content was also 

evaluated using the current passed during cyclic voltammetry, and the results showed 

good correlations with the spectrophotometric assays. The CV method is very promising 

for total phenolic and antioxidant activity analysis, and provides quick and reliable 

results. Another important advantage of the CV method is that it is not greatly affected by 

environmental parameters such as temperature and light. The assay takes quite a short 

time to run compared to other assays, as the spectrophotometric methods require long 

incubation times in preparing samples for analysis.  
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Chapter 6 

Polymerization of EDOT in Aqueous Solutions 

This chapter has been partially published in:  

KARAOSMANOGLU, H., TRAVAS-SEJDIC, J. & KILMARTIN, P. A. 201x. Comparison of 
Organic and Aqueous Polymerized PEDOT Sensors. A special issue of Molecular Crystals Liquid 
Crystals Journal, x, x. 

 

6.1. Introduction 

The properties of PEDOT films are affected by the electropolymerization conditions such 

as the solvent, supporting electrolyte, electrode, and electrochemical methodology (Du 

and Wang, 2003, Sakmeche et al., 2000). Except for polyaniline and polypyrrole, most 

polymer films are produced in organic solvents. However, the use of water as a solvent is 

more useful in terms of industrial applications and especially in biological fields. 

Thiophenes are weakly soluble in water and have a higher oxidation potential than the 

oxidation of water itself. Usually, electropolymerization of EDOT is performed in 

acetonitrile or propylene carbonate solutions. Acidic solutions have been proposed for the 

electrochemical polymerization of thiophenes, however, this may cause partial dissolution 

of metal electrodes before polymerization occurs (Sakmeche et al., 1996). It has been 

reported that the solubility of EDOT in pure 0.5 M H2SO4 was lower than 2 mM, and the 

oxidation potential was higher than for surfactant solutions (Tsakova et al., 2001). It has 

been found that the solubility level of EDOT in water in the presence of 0.1 M sodium 

dodecyl sulfate (SDS) was increased to 73 mM, up from 11 mM in pure water (Sakmeche 

et al., 1999). The hydrophobic part of the surfactant surrounds the EDOT monomers 

leaving the hydrophilic part exposed to water, thus surfactants increase the solubility of 

EDOT (Figure 6.1.) (Tsakova et al., 2001).  

Polymerization of EDOT in a micellar medium has been investigated with various 

surfactants such as camphor sulphonic acid (CSA) (Bhandari et al., 2008), sodium 

dodecyl sulfate (SDS) (Sakmeche et al., 1996), dodecylbenzene sulfonic acid (Lima et al., 
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1998), polystyrene sulfonate (PSS) (Yamato et al., 1995), polyoxyethylene-10-lauryl 

ether (Tsakova et al., 2001). 

 

 

 

 

 

 

Figure 6.1. Model scheme of polymerization of EDOT in a micellar medium. 

The first time an aqueous micellar medium was used for the polymerization of EDOT was 

undertaken by Sakmache et al. 1996. The experiments were performed above the critical 

micellar concentration of SDS which was found to be 0.002 M.  Electropolymerization 

was performed using a Pt working electrode in a solution containing 0.05 M EDOT, 0.07 

M SDS and 0.1 M LiClO4. Voltammograms taken between -0.5 and 1.25 V vs. SCE 

showed a rapid growth in anodic current from 0.76 V, which was found to be lower than 

that (1.04 V) observed in an acetonitrile solution. Thus, SDS lowered the oxidation 

potential of EDOT (Sakmeche et al., 1996).   

In another study (Sakmeche et al., 1999), voltammograms of PEDOT in LiClO4 water, 

SDS+ LiClO4 water and LiClO4 acetonitrile were compared. While one oxidation peak 

was observed at 1.38 V vs. Ag/AgCl in acetonitrile, two oxidation peaks were seen in 

aqueous solutions. The first peak (P1) was observed around 1.05 to 1.10 V, due to 

adsorbtion of oxidized EDOT on the Pt electrode, and the second (P2), a well-defined 

peak, was seen at 1.34 and 1.25 V in LiClO4 water and SDS+LiClO4 water, respectively. 

This second peak was ascribed to the oxidation of EDOT molecules dispersing close to 

the electrode. A decrease of around 90 and 130 mV in EDOT oxidation potential was 

observed in SDS aqueous solution compared to water and acetonitrile, respectively. It has 

been reported that EDOT polymerization in an SDS aqueous environment produced a 

very stable and highly conductive film. When the surface morphology was investigated 



 

95 
 

by SEM, it was observed that PEDOT in a micellar solution grew regularly and 

uniformly, and formed a dense and homogenous film. On the other hand, PEDOT grown 

in acetonitrile was irregular and formed a film with a rough and porous surface.  

The amount of PEDOT films polymerized in aqueous solutions has been found to be less 

than that produced in acetonitrile with the same polymerization charge. The growth mode 

of the film in aqueous solutions containing either picric acid or SDS was found to be 

perpendicular to the surface (Ahonen et al., 2001) and produced a columnar PEDOT 

structure (Sakmeche et al., 1999). Also, very low in situ conductivity has been reported 

for films prepared in SDS (Ahonen et al., 2001).   

In another study, a solution containing 0.07 M SDS, 0.1 LiBF4 and 0.03 M EDOT has 

been used for polymerization, and the electrochemical and optical properties were 

investigated (Li and Imae, 2004). It has been reported that dodecyl sulfate anions stay in 

the PEDOT matrix polymerized in SDS aqueous solution, and thus cation movement 

becomes dominant in the charge compensation. 

Sodium dodecylbenzene sulfonate (NaDBS) has also been used as a surfactant (Lima et 

al., 1998). A micellar polymerization solution was prepared with 0.01 M EDOT and 0.01 

M NaDBS. It was found that the optimum potential value for the chronoamperometric 

PEDOT deposition in the NaDBS micellar solution was 1.4 V, and a potential lower than 

0.9 V was not adequate for polymerization to occur. The oxidation potential of EDOT in 

the presence of NaDBS was found to be 0.88 V vs. SCE, while it was 1.0 V without any 

surfactant present in an aqueous solution containing LiNO3. This result also confirmed 

that surfactants lower the oxidation potential of the EDOT monomer.  

The pH value is an important parameter for polymerization because acid acts as a catalyst 

for reaction. The solubility of EDOT increases 0.3 % in the presence of PSS while it 

decreases at pH values lower than 3 (Elschner, 2011). To test the effect of NaPSS as a 

polymeric electrolyte on polymerization of EDOT in aqueous solution, the aqueous 

solution was prepared with 10 mM EDOT, 0.1 M NaPSS in 20 mM phosphate buffer (pH 

6.2) (Yamato et al., 1995). Cyclic voltammetry was performed between 200 and -1500 

mV vs. Ag/AgCl at a scan rate 100 mV/s. A rapid increase in anodic current was 

observed at 940 mV, which was found to be lower than that in acetonitrile and propylene 

carbonate (1250 mV), and two anodic peaks were seen at 1060 mV and 1400 mV.  
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There have been also studies using an aqueous polymerization solution without any added 

surfactant. In one study, aqueous polymerization was performed in a solution containing 

0.01 M EDOT and 0.1 M LiClO4 (Du and Wang, 2003). Voltammetry between -0.5 and 

1.5 V at a 40 mV/s scan rate showed two peaks at 0.98 and 1.4 V vs. SCE. It was found 

that for potentials greater than 1.1 V (vs. SCE) in aqueous solutions caused overoxidation 

of PEDOT. Moreover, the polymer lost its electroactivity at a potential higher than 1.4 V.  

However, the level of overoxidation can be minimal in the potential range between 0.8 

and 1.1 V.  

In another study (Pigani et al., 2004), the polymerization was performed in an aqueous 

solution containing 0.003 M EDOT and 0.1 M LiClO4 without any surfactant. The 

potential between 0.8 and 1.05 V (vs. SCE) was suitable to electropolymerize EDOT. A 

first peak (P1) has been found to be related to the oxidation of the monomer, adsorbed or 

not on the surface, while the second peak (P2) was associated with oxidation of the 

monomer and/or dimers and oligomers formed during the first step, which were diffusing 

close to electrode. Also, it has been found that overoxidation of a small amount of 

PEDOT fılm can be the origin of the second peak.  

In another study (Asami et al., 2006), ultrasonic irradiation was used to obtain a stable 

emulsion of monomer/water without using any surfactant by making the droplet size in 

the submicrometer range. The polymerization solution was prepared with 0.15 M EDOT 

and 1 M supporting electrolyte (LiClO4, Li2SO4 or LiNO3) in water. Electropoly-

merization was carried out by cyclic voltammetry between -1 and 1.2 V vs. SCE at a scan 

rate of 50 mV/s. As a result, the obtained PEDOT showed good conductivity. Among the 

tested electrolytes only LiClO4 worked well for polymerization and Li ions were detected 

in EDOT droplets when LiClO4 was used as electrolyte while Li ions were not detected 

with the other electrolytes. It was concluded that LiClO4 in droplets worked as supporting 

electrolyte and helped the formation of an electric bilayer inside the droplets. In addition, 

a saturated EDOT solution was tested with 0.006 M EDOT and 0.1 M LiClO4, however, 

this solution did not work. SEM images were also taken to check the morphology of the 

PEDOT film. The morphology was like a cauliflower, and the rough and spherical 

PEDOT structures became smaller using ultrasonication compared to mechanical mixing.  

Although the designed PEDOT-based sensor is useful for examining antioxidants, as 

explained in the previous chapters, it is not specific to phenolic antioxidants. It was 
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decided to add tyrosinase, an enzyme specific to phenolic compounds, into PEDOT films 

to obtain a more specific sensor, a biosensor. However, the organic solvent (propylene 

carbonate) frequently used for PEDOT polymerization is not suitable for tyrosinase. 

There is thus a need to employ an aqueous environment for enzyme work. For this reason, 

polymerization of PEDOT in aqueous solutions was studied in this chapter. The solution 

system providing the optimum environment for the enzyme will be used in the following 

chapter.                 

6.2. Materials and Methods 

6.2.1. Preparation of the Aqueous Polymerization Solution 

Two types of aqueous polymerization solution were prepared and tested. The first one 

was acetonitrile/water solution at 10% (v/v), unless otherwise specified, containing 0.1 M 

LiClO4 and 0.01 M EDOT.  It was prepared by adding EDOT into 1 ml of acetonitrile 

solution and diluting with 9 ml of Milli-Q water. Then, LiClO4 was dissolved in the 

mixture. Before electropolymerization, nitrogen gas was purged into the solution for 15 

min to remove oxygen from the solution.  The second one was a micellar aqueous 

solution using SDS as the surfactant. The critical micellar concentration was reported to 

be 0.002 M (Sakmeche et al 1996). On the other hand, it should be less than the 

concentration that denatures an enzyme, since it will be used in further studies with 

tyrosinase. This enzyme is denatured at concentrations higher than 1% SDS (equal to 

0.035 M) (Sigma Aldrich Tyrosinase data). For this reason, the SDS concentration was 

chosen as 0.01M. The solution was prepared by adding 0.01 M SDS, 0.1 M LiClO4 and 

0.01 M EDOT into Milli-Q water. Then, it was dipped into an ultra-sonic bath at 20 ⁰C 

for 15 minutes of sonication to obtain a homogenous solution. In order to remove oxygen 

from the solution, the purging nitrogen step was carried out before adding SDS to avoid 

forming foams. 

6.2.2. Electropolymerization 

Electropolymerization of EDOT in aqueous solutions was carried out with a typical three 

electrode system.  Pt wire (BASi, MW 1032) and Ag/AgCl (BASi, MF 2052) electrodes 

were used as counter and reference electrodes, respectively. Two different types of 1 mm 

diameter electrode (glassy carbon electrode (eDAQ ET-074) or gold electrode (eDAQET-
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076)) were used as the working electrode. The electrode surface was polished as 

described in Chapter 3. The electrodes were dipped into the polymerization solution and 

electropolymerization was performed by cycling for 7 cycles between -400 and 1000 mV 

(Ag/AgCl) at a scan rate of 100 mV/s unless otherwise stated. The electrode was then 

rinsed with Milli-Q grade water to remove unpolymerized monomer from the film. In 

addition, polymerization in aqueous solutions was carried out with the PEDOT electrode 

previously prepared in PC, as described in Chapter 3.  

6.2.3. Testing Samples by PEDOT Electrodes Polymerized in Aqueous 

In order to check the sensing properties of PEDOT electrodes, cyclic voltammetry was 

performed in gallic acid, catechin, epigallocatechin gallate solutions and a green tea 

sample solution between -200 and 800 mV at a 100 mV/s scan rate. Phenolic compound 

solutions were prepared in phosphate buffer at either pH 7.4 or 5.5. Sodium perchlorate 

was added into the samples at a final concentration of 0.1 M. For comparison, bare and 

PEDOT polymerized in PC electrodes were used.  

6.2.4. SEM Imaging for Surface Morphology 

The surface morphology of a PEDOT film polymerized in organic and aqueous solutions 

at a 1 mm dia. glassy carbon electrode was examined using SEM. PEDOT in organic 

solution was prepared in propylene carbonate containing 0.1 M EDOT and 0.1 M LiClO4 

by voltammetry between -300 and 1200 mV at 100 mV/s for 4 cycles. For PEDOT 

aqueous polymerization, a micellar polymerization solution was prepared with 0.01 M 

EDOT, 0.01 M SDS and 0.1 M LiClO4 in Milli-Q water. Electropolymerization was 

performed by cyclic voltammetry between -400 and 1000 mV at 100 mV/s for 7 cycles.  

PEDOT electrodes were rinsed with Milli-Q water to remove excessive monomer and 

supporting electrolyte from the film and left to dry in the air. For comparison, a bare 1 

mm dia. glassy carbon electrode was also examined. After platinum coating, the 

morphology of the PEDOT films were observed using a Scanning Electron Microscope 

(SEM), Philips XL30S FEG (field emission gun) SEM equipped with a SiLi (Lithium 

drifted) EDS detector with a Super Ultra Thin Window, able to measure both secondary 

electron (SE) and backscattered electron (BSE) images. The electrodes were placed as 

shown in Figure 6.2. to examine the film surface morphology.  
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In order to compare the amount of PEDOT films, the polymer mass was estimated by 

using the charge pass during the polymerization. The polymerization charge was 

calculated by taking the integral of the current vs. time plot. A background CV was 

performed in the solution without monomer before polymerization. The integral of 

background CV was subtracted from the integral of the polymerization CV. Then, the 

PEDOT mass was calculated using the following formula: 

	
. MW
.

 

where m is the mass of PEDOT, Q is the charge passed during polymerization, MW is the 

molecular weight of EDOT (142.18 g/mol), F is the Faraday constant (96500 C/mol) and 

z is the  number of electrons (2 for PEDOT) 

 

 

 

 

 

Figure 6.2. Placement of the electrode onto the stage of the SEM to observe the PEDOT 
morphology on the electrode. 
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6.3. Results and Discussion 

6.3.1. Polymerization Potential for Aqueous Polymerization 

On the basis of the literature, firstly an attempt was made to prepare aqueous solution of 

EDOT by adding the monomer directly into water containing 0.1M LiClO4. However, 

EDOT was not dispersed into solution even after sonication. An acidic aqueous solution 

is not suitable for enzyme application for further steps. Therefore, electropolymerization 

could not be performed directly in water. It is known that tyrosinase can maintain its 

activity in acetonitrile (Iwuoha et al., 1995) and is denatured by SDS solution at a 

concentration higher than 1%. For that reason, acetonitrile/water and surfactant 

containing aqueous solutions were used. 

Cyclic voltammetry was performed between from -400 to 1500 mV at 100 mV/s scan rate 

for 7 cycles  in a solution of 0.01 M EDOT, 0.1 M LiClO4 in 10% acetonitrile/water. The 

current intensity increased cycle by cycle which indicated polymer growth. Also, two 

oxidation peaks were observed, the first peak (P1) at around 1090 mV and the second 

peak (P2) at around 1300 mV (Figure 6.3.). An important point is that P2 was not 

observed on the first cycle because there was not sufficient polymer film present on the 

electrode surface to be overoxidized.  

 

Figure 6.3. Electropolymerization of EDOT in 10% acetonitrile/water solution by cycling 
between – 400 and 1500 mV at 100 mV/s for 7 cycles. The red and green lines are the first and 
the second cycles, respectively. 
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When the highest point potential of the voltammetry was decreased to 1000 mV, the 

PEDOT film grew without overoxidation (Figure 6.4.). A rapid increase at the anodic 

peak was observed at around 850 mV. Also, the current intensity increased regularly with 

each cycle. As a result, cyclic voltammetry between -400 and 1000 mV was found to be 

suitable to electropolymerize EDOT in a 10% acetonitrile/water solution.  

 

Figure 6.4. Electropolymerization of EDOT in 10% acetonitrile/water solution by cycling 
between -400 and 1000 mV at 100 mV/s for 7 cycles.  

When a cyclic voltammetry of EDOT was performed in SDS solution between -400 and 

1500 mV, the voltammogram also showed two oxidation peaks at around 1100 and 1400 

mV. Once again, the second peak was not observed during the first cycle (Figure 6.5.).  

 

Figure 6.5. Electropolymerization of EDOT in 0.01 M SDS solution by cycling between  
– 400 and 1500 mV at 100 mV/s for 7 cycles. The red and green lines are the first and the second 
cycles, respectively.  
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Regular growth of PEDOT without overoxidation was achieved by cycling between -400 

and 1000 mV, similar to the 10% acetonitrile/water solution (Figure 6.6.). The rapid 

increase in anodic peak was observed at around 850 mV. This result is consistent with 

previous reports (Sakmeche et al., 1996, Sakmeche et al., 1999), it has been found to be 

760 mV vs. SCE. 

 

Figure 6.6. Electropolymerization of EDOT in 0.01 M SDS solution by cycling between –400 
and 1000 mV at 100 mV/s for 7 cycles. 

On the other hand, polymerization in an organic solvent of propylene carbonate (PC) was 

different (Figure 6.7). A rapid anodic peak current increase started at 1000 mV, which 

was higher than that observed in the aqueous solutions. This result showed that the 

oxidation potential of EDOT decreased in both aqueous solutions compared to the organic 

solution.  

 

Figure 6.7. Electropolymerization of EDOT in PC by cycling between -300 and 1200 mV at 100 
mV/s for 4 cycles.  
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6.3.2. Different Ratio of Acetonitrile/Water Mixtures 

Different ratios of acetonitrile to water were used for the polymerization of PEDOT and 

the obtained electrodes were tested for voltammetry of gallic acid. Electropolymerization 

by CV was performed in the solutions with 1.0, 5.0 and 10% acetonitrile/water containing 

0.01 M EDOT and 0.1 M LiClO4 between -400 and 1000 mV at a 100 mV/s scan rate for 

7 cycles. Polymerizations were successfully carried out within the same potential range 

without any overoxidation (Figure 6.8.). 

The obtained PEDOT electrodes were tested in gallic acid solutions (1 g/L) in phosphate 

buffer (pH 7.4). The current intensity of the oxidation peak was lower for PEDOT 

prepared in 1.0% acetonitrile/water solution, while it was similar for PEDOT electrodes 

prepared in 5.0 and 10% acetonitrile/water solutions (Figure 6.9.).  

 

A B 

 C  

Figure 6.8. Polymerization CVs in 1.0% (A), 5.0% (B) and 10% (C) acetonitrile/water solution.  
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Figure 6.9. Cyclic voltammogram of a gallic acid solution using PEDOT prepared in 1.0, 5.0 and 
10% acetonitrile/water solutions.   

6.3.3. Different Number of Cycles in Acetonitrile/Water Solution 

The thickness of the film might affect the sensitivity of the PEDOT electrodes. For this 

reason, electropolymerization was performed by cycling for 5, 6 and 7 cycles, before 

testing the electrodes with gallic acid (Figure 6.10.). The thicker films indeed showed a 

slightly higher peak current.  

 

Figure 6.10. Cyclic voltammogram of a gallic acid solution by PEDOT electrode in 10% 
acetonitrile/water solution prepared using 5, 6 and 7 polymerisation cycles.  
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6.3.4. Comparison CVs of Gallic acid by PEDOT and Bare Electrodes 

In order to check the sensitivity of the aqueous polymerized PEDOT, cyclic voltammetry 

was performed in gallic acid (1 g/L) in phosphate buffer (pH 7.4) using PEDOT 

polymerized in a 10% acetonitrile/water solution, PEDOT in PC and at a bare 1 mm dia. 

glassy carbon electrode (Figure 6.11.). 

PEDOT/PC showed a well-defined oxidation peak, as expected. On the other hand, the 

oxidation peak of gallic acid decreased in intensity with the aqueous polymerized PEDOT 

electrode, although the peak height was higher compared to the bare electrode, and at a 

lower electrode potential. It can be concluded that PEDOT film prepared in 

acetonitrile/water also increased the sensitivity of the electrode. However, it was not as 

sensitive as PEDOT polymerized in the organic solvent.  

 

Figure 6.11. Cyclic voltammogram of a gallic acid solution (1 g/L, pH 7.4) using PEDOT 
electrodes prepared in PC and 10% acetonitrile/water solutions and a at 1 mm dia. bare GCE.  

When PEDOT prepared in SDS solution was used to examine the voltammetry of gallic 
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Figure 6.12. Cyclic voltammogram of a gallic acid solution (1 g/L, pH 7.4) using PEDOT 
electrodes prepared in PC and 0.01 M SDS solutions and at a 1 mm dia. bare GCE.  

6.3.5. Testing Other Phenolic Compounds 

In order to further evaluate PEDOT electrodes prepared with an aqueous polymerization, 

solutions of catechin and EGCG were also tested, using both gold and glassy carbon 

electrode substrates. PEDOT electrodes polymerized in SDS solution gave response to 

catechin and EGCG solutions. Catechin showed one well-defined oxidation peak at 

around 525 mV with the PEDOT/SDS on glassy carbon and Au electrodes (Figure 6.13.). 

Moreover, there was a further more oxidation peak on the shoulder ( ̴ 350 mV) of the 

well-defined peak in the voltammogram at the glassy carbon electrode. There was a 

reduction peak for both systems, but at different potentials, at around 175 and 275 mV for 

the glassy carbon and Au electrodes, respectively. In a previous chapter, the voltammetry 

of catechin at PEDOT polymerized in PC showed two oxidation peaks at 273 and 605 

mV, and a reduction peak at 246 mV.  The differences seen here might be due to changes 

in film properties when polymerization is conducted in an aqueous solution. Moreover, 

the two typical oxidation peaks for EGCG were observed at PEDOT/SDS. However; the 

peaks were not well-defined and sharp like those seen for voltammetry at PEDOT/PC. 

The two oxidation peaks were seen at around 300 and 410 mV, while they were found at 

184 and 382 mV with PEDOT/PC. On the other hand, PEDOT electrodes prepared in 

acetonitrile/water solution did not give a good response to catechin and EGCG. This 

result showed that the PEDOT electrode is most suitable for phenolic compound analysis 

when it is prepared in organic solvent.  
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A B 

Figure 6.13. Cyclic voltammogram of catechin (0.5 mM, pH 5.5) (A) and EGCG (1 mM, pH 5.5) 
(B), at PEDOT/GC and PEDOT/Au electrodes prepared in SDS solutions. 

6.3.6. Testing Real Samples 

The sensitivity of aqueous polymerized PEDOT electrodes was tested in a green tea 

sample, and with both gold and glassy carbon electrodes as electrode substrate. While 

testing green tea by PEDOT/PC was performed with a 5-fold dilution of the tea, the 

aqueous polymerized electrode showed no response for the diluted tea. Therefore, 

voltammetry of green tea was performed without dilution for the aqueous polymerized 

PEDOT electrodes (Figure 6.14.). Although the signal increased without dilution, the two 

most typical oxidation peaks for green tea were not observed at the aqueous polymerized 

PEDOT electrodes. 

 

Figure 6.14. Comparison of oxidation peaks for green tea (GT) samples tested at PEDOT 
electrodes prepared in acetonitrile/water (Ace) and SDS solutions, using both gold (Au) and 

glassy carbon electrode (GCE) substrates.  
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6.3.7. Polymerization in PC Then in Aqueous Solutions  

The results showed that PEDOT polymerized in PC gave better result in testing phenolic 

compounds and beverage samples compared to PEDOT electrodes polymerized in an 

aqueous solution. In order to increase the sensitivity of aqueous polymerized PEDOT 

electrode, the PEDOT was firstly polymerization in PC for 2 cycles, before 

polymerization in an aqueous solution for 7 cycles. Both glassy carbon and Au electrodes 

were used, along with gallic acid was a test polyphenol compound (Figure 6.15.).  

The difference between the oxidation peaks decreased after first covering the electrode 

with PEDOT/PC. The PEDOT/PC layer under the aqueous polymerized one helped to 

decrease the difference in the intensity of the oxıdation peak currents. While the 

PEDOT/Ace electrodes still showed a broad oxidation peak, the oxidation peak was 

found to be quite sharp with PEDOT/SDS.  

 

Figure 6.15. Cyclic voltammogram of a gallic acid solution by PEDOT electrodes prepared first 
in PC then in an aqueous solution, with either 10% acetonitrile (Ace) or with SBS surfactant, or 
only in PC, and at gold (Au) and glassy carbon electrodes (GCE).  

The PEDOT electrodes prepared as above were also used for testing a green tea sample 

(Figure 6.16.). The response still was not that high, so undiluted green tea was used. For 

comparison, PEDOT/PC (with 4 cycles) was used in CV of undiluted and 5-fold diluted 

green tea (GTPCGCE). While the current intensity of undiluted green tea reached around 

30 µA with PEDOT/PC, the maximum peak current was almost 4 times lower at the 
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PEDOT/PC/aqueous electrodes. The peak current for 5-fold diluted green tea by 

PEDOT/PC was found to be similar to that of undiluted green tea using the 

PEDOT/PC/aqueous electrodes. Moreover, the typical pair of two oxidation peaks was 

not observed at the PEDOT/PC/aqueous electrodes. In conclusion, PEDOT polymerized 

in aqueous solutions did not show an adequate response suitable for use in analysis of 

phenolic compounds and beverage antioxidants, as it did not provide sufficient current 

response and separation of the oxidation or reduction peaks. The PEDOT-based sensor 

explained in previous chapters, using PC as a polymerisation solvent, is more suitable for 

antioxidant analysis. 

A B 

Figure 6.16. Cyclic voltammogram of undiluted green tea by PEDOT electrodes prepared first in 
PC then in aqueous solution, or only in PC (A), and 5-fold diluted green tea tested with the 
PEDOT/PC electrode (GTPCGCE). 

6.3.7. SEM 

The morphology of PEDOT films prepared in PC and SDS aqueous solution was 

examined by SEM and compared with bare 1 mm dia. electrodes (Figure 6.17.).  The 

polymerization was performed with 4 voltammetric cycles in PC, while 7 cycles were 

used in the SDS solution. Although a higher number of cycles were used in the aqueous 

solution, the film formed in PC was clearly thicker than that formed in the aqueous 

solution. It has been reported previously (Ahonen et al., 2001) that the amount of polymer 

formed in an aqueous solution was less than that in an organic solvent. In this study, the 

film thickness could not be measured precisely in comparison with the bare electrode, 

because it was too flat. At the same time, the PEDOT formed in PC showed a 

hemispherical structure on the electrode surface. Under higher magnification, the film 
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morphology was also less rough and porous in the SDS solution, while it was quite rough 

for the PC preparation. This result is consistent with previous reports. PEDOT prepared in 

SDS aqueous solution had been found to be regular, smooth and homogenous in 

morphology compared to the one prepared in an acetonitrile solution (Sakmeche et al., 

1996). It has been reported that polymerization  in SDS solution produced a dense, 

compact and homogenous film, while PEDOT formation in an organic solution was also 

regular but the surface morphology was more rough and porous (Sakmeche et al., 1999). 

Moreover, at 50000× magnification, there was a net-like structure in PEDOT polymerized 

in PC, quite different from the one polymerized in an aqueous solution.  

  Bare PEDOT in PC PEDOT in SDS/water 

A B  C

D E F

 G H

Figure 6.17. SEM images of a bare glassy carbon electrode (A, D), PEDOT polymerized in PC 
(B, E, G), and PEDOT polymerized in SDS solution (C, F, H), at three different magnifications. 
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An estimation of the polymer mass formed in PC and SDS/water solution was found by 

using the charge passing during polymerization CV. The background subtracted charge 

for polymerization in PC was found to be 0.194 mC and the estimated mass of PEDOT 

from formula was calculated to be 0.143 μg. On the other hand, the charge for 

polymerization in SDS/water was found to be 0.280 mC, which is lower than the one in 

PC, and the calculated mass was 0.206 μg. This result might indicate that the polymer 

film formed in organic solvent was more porous since the estimated mass was lower but 

the observed film thickness was higher than that in SDS/water.  On the other hand, the 

current passed during the electrpolymerisation may be less efficient in the case of 

SBS/water and more of the current may go into side processes such as solvent oxidation.  

The SEM images of PEDOT prepared in acetonitrile/water solution are given in Chapter 

6 in comparison with others with an enzyme entrapped. 

6.4. Conclusions 

Two types of aqueous solution system were used to dissolve and polymerize EDOT. The 

oxidation potential value decreased in the tested solutions compared to the organic PC 

solvent, and the potential values were found to be less than the oxidation potential of 

water. The PEDOT film covered electrodes were compared in their oxidation of target 

polyphenol antioxidants. The PEDOT electrode prepared in SDS solution showed a 

higher response compared to that prepared in acetonitrile/water solution. Under SEM, the 

film formed in PC was found to be larger in size than that in aqueous solutions, although 

a fewer number of cycles had been for polymerization in PC. On the other hand, the 

charge pass during polymerization CV showed that the mass of PEDOT formed in SDS 

was higher than that in PC. Since a higher sensitivity is desirable, while requiring an 

aqueous system for enzyme entrapment, the SDS solution system was chosen for the 

preparation of a tyrosinase-based biosensor.  
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Chapter 7 

Designing a Biosensor Using Tyrosinase and PEDOT 

 

 

7.1. Introduction 

PEDOT-based chemical sensors have been found to work effectively in determining the 

concentration of antioxidants in beverages, as discussed in the previous chapters. 

However, this type of sensor is not always specific enough for a reliable determination of 

polyphenol antioxidants and other electrochemically oxidizable compounds such as 

amino acids, metal ions etc., which can also generate a response in the proposed potential 

range. On the other hand, biosensors are more sensitive and selective devices. Biosensors 

have a biological recognition component, e.g. microorganisms, antibodies, enzymes etc. 

Enzymes have substrate specificity that provides more specificity and selectivity in the 

sensor field. In beverages, the major antioxidant compounds are phenolic compounds. To 

detect these compounds, numerous biosensors have been designed using enzymes specific 

to phenolic compounds, which are mainly tyrosinase, laccase and horseradish peroxidase 

(Cabaj and Sołoducho). 

Various studies have been performed to develop a tyrosinase-based biosensor. 

Researchers have used different methods and materials, such as entrapment within a silica 

sol-gel composite film (Wang et al., 2000), cross-linking with glutaraldehyde on gold 

nanoparticles disposed glassy carbon electrodes (Carralero Sanz et al., 2005), and 

covalent immobilization onto N-(3-aminopropyl)-pyrrole covered ITO (Rajesh et al., 

2004). Conducting polymers have been used to entrap enzymes during 

electropolymerization, including polypyrrole (Kiralp and Toppare, 2006)  and polyaniline 

(Wang and Kan, 2012).  PEDOT has also been used as an immobilization matrix, using 

constant potential (Védrine et al., 2003) or sinusoidal voltage (Lupu et al., 2013a) 

techniques for the electropolymerization. To the best of our knowledge, there have been 

no reports on the entrapment of tyrosinase during electropolymerization of EDOT using 

cyclic voltammetry or using an acetonitrile/aqueous solution system. In this study, a 
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tyrosinase-PEDOT sensor was prepared using cyclic voltammetry and the properties of 

the biosensor were investigated.  

7.2. Materials and Methods 

7.2.1. Reagents 

Tyrosinase from mushroom (EC 1.14.18.1, ≥1,000 units/mg solid) was purchased from 

Sigma-Aldrich. Enzyme stock solutions in phosphate buffer (pH 6.5) were prepared, 

dispensed into small centrifuge tubes (1.5 ml) and kept in the freezer at -30 ⁰C. In order to 

avoid loss of activity during storage, the stock solutions were kept for no longer than one 

month. Depending on daily needs, these were defrosted and used on the same day.  

EDOT, LiClO4, Folin reagent, SDS, Lowry reagent, Bovine Serum Albumin (BSA), 

catechin, epigallocatechin gallate (EGCG), gallic acid and chlorogenic acid were 

purchased from Sigma-Aldrich. Monosodium phosphate (NaH2PO4) and disodium 

hydrogen phosphate (Na2HPO4) were purchased from Scharlau. The individual solutions 

were prepared at a 0.2 M concentrations in Milli-Q water and mixed to achieve the 

desired pH. 

7.2.2. Assay for Free Enzyme Activity 

Free enzyme activity of tyrosinase was measured spectrophotometrically using  a 

Shimadzu UV-1700 UV-visible spectrophotometer. In order to determine a suitable 

wavelength, the mixture of enzyme and substrate solutions was first scanned between 280 

and 500 nm. This experiment was performed by mixing 150 μl of enzyme solution (2 

mg/ml) and 2.85 ml of catechol solution (125 μM) in phosphate buffer at pH 6.5, and 3 

min later the absorbance measurement was taken. A solution containing catechol but no 

enzyme was used as the blank.  The catechol solution with enzyme added showed an 

absorbance peak at 380 nm while there was no peak for the solution with only catechol 

present. This indicates that the o-quinone can be determined spectrophotometrically at 

380 nm. In order to determine enzyme activity, 500 μl of catechol solution at different 

concentrations was added to a quartz cuvette (1 ml) and placed in the spectrophotometer. 

As soon as 100 μl of enzyme solution (0.2 mg/ml) was injected into the catechol solution, 

the absorbance measurements were taken for 120 sec. Catechol solutions used in the 
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assay were prepared to obtain final concentrations between 0.005 and 10 mM.  The 

velocity (Abs/sec) of the enzyme was calculated from the slope of the time vs. absorbance 

plot. 

Optimum pH and temperature values were also determined for the free enzyme using the 

same method. For this purpose, catechol solutions prepared in phosphate buffer at pH 5.5, 

6.0, 6.5, 7.0, 7.5 and 8.0 were used to determine the optimum pH.  Measurements were 

taken using the Shimadzu S1700 temperature controller set at 20 to 60 ⁰C with 10 ⁰C 

intervals. 

7.2.3. Preparation of the PEDOT/Tyrosinase Biosensor 

Immobilization of tyrosinase in the PEDOT matrix was performed in a typical three 

electrode system.  Pt wire (BASi, MW 1032) and Ag/AgCl (BASi, MF 2052) electrodes 

were used as counter and reference electrodes, respectively. Different electrodes (1.6 mm 

dia. gold (BASi, MF-2014) or a 3 mm dia. glassy carbon (BASi, MF-2012)) were used as 

the working electrode to find the best electrode substrate for the biosensor. The enzyme 

was entrapped during electropolymerization of EDOT by cyclic voltammetry. As 

discussed in the previous chapter, SDS and acetonitrile aqueous polymerization solution 

systems were used to prepare the biosensor. Unless otherwise specified, the biosensor was 

prepared in a phosphate buffer at pH 6.5 (instead of Milli-Q water) at 22 ⁰C. For the SDS 

system, the solution contained 0.01 M EDOT, 0.1 M LiClO4, 0.01 M SDS and tyrosinase 

at different concentrations and was prepared in phosphate buffer. On the other hand, the 

acetonitrile solution system was composed of 0.01 M EDOT, 0.1 M LiClO4, and 

tyrosinase in 25% acetonitrile/phosphate buffer (v/v). Electropolymerization was 

performed by cycling the potential from -400 to 1000 mV for the SDS solution, and from 

-300 to 1100 mV for the acetonitrile solution at a scan rate of 100 mV/s. In order to check 

the effect of film thickness upon sensor sensitivity, different numbers of cycles were 

applied. For comparison, polymerization in a solution without enzyme was also 

performed. After electropolymerization, the electrodes were rinsed with phosphate buffer 

to remove excess supporting electrolyte and unbound enzymes. Electrode cleaning 

between assays was performed as previously explained in Chapter 3. Biosensors were 

prepared freshly and used on the same day. 
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7.2.4. Amperometric Detection  

Amperometric measurements were carried out in a beaker of 2 or 3 ml phosphate buffer 

solution (0.2 M, pH 6.5) containing sodium perchlorate (at a final concentration of 0.1 

M). A platinum wire and Ag/AgCl electrodes were used as counter and reference 

electrodes, respectively. The solution was stirred with a magnetic bead during the 

measurements to maintain a constant oxygen concentration needed for the enzymatic 

reaction. To find the suitable potential, firstly CV was performed, then a potential value 

in the range of where the compound was effectively reduced was used for subsequent 

testing. Unless otherwise specified, a potential of -100 mV was applied to detect the 

product (o-quinone) formed by the enzymatic reaction at the working electrode When a 

constant current was obtained, the substrate solution was injected into the buffer to 

produce different substrate concentrations. A reduction current proportional to the 

concentration of substrate was measured as a response to the reduction of o-quinone 

produced enzymatically.  

The signal was measured from the current difference (ΔI) before and after injection 

(Figure 7.1A). The data was plotted as signal versus catechol concentration (Figure 7.1B). 

The analytical performance and enzyme kinetic parameters of the biosensor were then 

calculated. The slope of the curve provided the sensitivity of the sensor. The standard 

deviation of the current of the blank solution was divided by the slope the curve, then 

multiplied by 3 and 10 to calculate the Limit of Detection (LOD) and Limit of 

Quantification (LOQ), respectively. In order to express reproducibility of the signal, the 

relative standard deviation (RSD) was calculated by dividing the standard deviation by 

the mean value and multiplying by 100. The upper limit of linear range was determined 

by finding the point in the linear plot with a 5% value error. 
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A B 

Figure 7.1. An example plot of amperometric measurement (a), and the data analysis plot (b), 
where I1, I2, I3,I4, and I5 are the signals corresponding to the final catechol concentrations C1, C2, 
C3, C4 and C5 in the solution after the respective injections.   

7.2.5. The Effect of Enzyme Concentration on the Biosensor Response 

The effect of enzyme concentration on biosensor response was studied using enzyme 

concentrations of 0.5, 1.0, 1.5 and 2.0 mg/ml in the polymerization solution. 

Amperometric catechol determination was performed in the concentration range of 14.8 

to 200 μM and the sensitivities of the biosensors were compared. 

7.2.6. The Effect of Film Thickness on the Biosensor Response 

The effect of film thickness on biosensor response was investigated by using different 

numbers of CV cycles during polymerization. Amperometric catechol determination was 

performed in the concentration range of 4.95 to 125.4 μM and the obtained sensitivities 

were compared.  

7.2.7. Optimum pH and Temperature 

The optimum temperature for biosensor operation was investigated at 20, 30, 40, 50 and 

60 ⁰C. The measurement beaker was dipped into a water bath with temperature control, 

and the response to catechol was tested at concentrations ranging from 4.95 to 76.5 μM. 

To determine the optimum pH of the biosensor, measurements were taken in phosphate 
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buffer at pH 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0. The response to catechol was compared in the 

concentration range of 4.95 to 76.5 μM.  

7.2.8. Reproducibility and Reusability  

The reproducibility of the biosensor was evaluated by comparing the responses of six 

different electrodes to 5 μM catechol solution (pH 6.5) (Shan et al., 2007). The electrodes 

were prepared with 2 mg/ml enzyme concentration and using 4 voltammetric cycles for 

polymerization. The reusability of the biosensor was determined by taking 6 

measurements of 5 μM catechol solution (pH 6.5) using the same electrode. The electrode 

was rinsed with phosphate buffer (pH 6.5) between the assays.  

7.2.9. Testing Phenolic Compound Solutions and Real Samples 

Some of the major phenolic compounds (gallic acid, catechin, epigallocatechin gallate 

(EGCG) and chlorogenic acid) determined in tea and coffee samples were tested with the 

designed biosensor. The stock solutions of phenolic compounds were prepared at a 

concentration of 2 mM in the phosphate buffer (pH 6.5). By injection into 3 ml of buffer, 

amperometric measurements were taken in the concentration range from 20 to 303 µM 

for the phenolic compounds. Green tea (sample no: 2) and coffee (sample no: 13) were 

also tested by the biosensor as real samples. The injection of 30, 65, 100, 140 and 200 µl 

of beverage into 3 ml of buffer was carried out. All measurements were taken at –100 mV 

by a biosensor prepared in a solution containing 2.0 mg/ml tyrosinase and with 4 

preparative voltammetric cycles.  

7.2.10. SEM Imaging  

The surface morphology of a PEDOT film polymerized in the acetonitrile system at a 3 

mm dia. glassy carbon electrode, with and without added enzyme, was examined using 

SEM. PEDOT/tyrosinase/GCE was prepared in 25% acetonitrile/phosphate buffer 

solution containing 0.01 M EDOT, 0.1 M LiClO4 and 2 mg/ml tyrosinase by CV between 

-300 and 1100 mV at 100 mV/s scan rate for 4 cycles. The solution without EDOT was 

also used to produce a background CV to calculate the PEDOT mass. The electrodes were 

rinsed with Milli-Q water to remove supporting electrolyte and unbound enzyme and left 

to dry in the air. After platinum coating, the electrodes were examined using a Scanning 
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electron microscope (SEM) measurements were recorded on a Philips XL30S FEG (field 

emission gun) SEM equipped with a SiLi (Lithium drifted) EDS detector with a Super 

Ultra Thin Window, which is able to measure both secondary electron (SE) and 

backscattered electron (BSE) images. 

7.2.11. Determination of Protein by the Lowry Assay  

The Lowry reagent solution was prepared as described in a Sigma-Aldrich technical 

bulletin by adding 40 ml water to a bottle of Lowry Reagent powder. 18 ml of Folin-

Ciocalteu reagent was diluted by adding 90 ml of water. Bovine Serum Albumin (BSA) 

was used as a protein standard. A stock BSA solution was prepared at a concentration of 

400 μg/ml in water, then diluted to obtain a concentration range from 5 to 300 μg/ml. The 

solutions that were prepared and used for polymerization of EDOT in the presence of 

enzyme were kept in the freezer. The protein content was measured before and after 

polymerization in order to determine the amount of immobilized enzyme. Sample 

solutions were diluted to obtain a concentration in the determination range.  Firstly, 0.5 

ml of BSA/ sample solution was mixed with Lowry reagent (0.5 ml). Water and 

polymerization solution without enzyme was used instead of protein solution as a blank. 

The mixture was allowed to stand for 20 min, then, 125 μl of Folin-Ciocalteu reagent was 

added. The mixture was left to develop colour for 30 min, and an absorbance 

measurement was performed between 500 and 800 nm. The wavelength showed the 

maxima that should be used for concentration determination. A standard curve was drawn 

using absorbance values versus BSA concentration, and the immobilized protein 

concentration was determined with the help of a standard curve.  

7.3. Results and Discussion 

7.3.1. Preparation and Optimization of the Biosensor with SDS  

Biosensor preparation was performed with a SDS solution system, since PEDOT 

polymerized in SDS showed higher sensitivity than one polymerized in an acetonitrile 

solution system as discussed in Chapter 6. The first trial of enzyme entrapment with the 

SDS system was performed by CV for 4 and 5 cycles between -400 and 1000 mV at a 

scan rate of 100 mV/s in phosphate buffer solution (pH 6.5) containing 0.01 M EDOT, 

0.1 M LiClO4, 0.01 M SDS and 0.5 mg/ml enzyme, using a 1.6 mm gold electrode as the 
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working electrode.  For comparison, polymerization was performed with the same 

solution but without addition of the enzyme.  

In order to determine the oxidation/reduction potentials of catechol, a 1 mM catechol 

solution in phosphate buffer (pH 6.5) was tested by CV between -200 and 800 mV 

(Figure 7.2.). Catechol showed one set of reversible oxidation/reduction peaks, with 

oxidation at 310 mV and reduction at 130 mV. CV was performed in the positive 

direction first. On the first cycle with the enzyme electrode, the oxidation peak was lower 

due to enzymatic reactions: since, the immobilized enzyme oxidized catechol as soon as 

the electrode was dipped into the catechol solution. Afterwards, electrochemically 

reduced o-quinone molecules could be oxidized by the electrode and produce a larger 

oxidation peak on the second cycle. 

A B 

Figure 7.2.  CV of catechol solution by PEDOT/Au (A), and by PEDOT/Tyr/Au electrodes (B), 
prepared in pH 6.5 SDS aqueous solution system.   

Considering these oxidation/reduction potentials, different potentials between -200 and 

100 mV were used in amperometric measurements to find a suitable potential to detect 

catechol using the biosensor. The more positive potentials generated a positive current 

increase which indicated an oxidation reaction. An applied potential of -150 and -100 mV 

gave better results, showing reduction of the quinone. For example, an experiment 

conducted at a constant potential of -150 mV is shown in Figure 7.3. In this experiment 

the PEDOT/Tyr/Au electrode prepared with 0.5 mg/ml enzyme concentration and 5 

cycles was used for amperometric measurements. The solution was stirred with a 

magnetic bead during the measurements.  The concentrations shown in Table 7.1. were 

obtained by successive injections of the catechol stock solution. The signals were 
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calculated from the current difference before and after injection. Then, the data was 

plotted as signal versus catechol concentration as described previously in the 

methodology section, and the slope of the curve was used to determine the sensitivity of 

the sensor. A sensitivity of 8 x 10-5 μA/μM was obtained, which was not particularly 

high. The biosensor did not give any response to the first injection of catechol solution (5 

µM), and the LOD was calculated as 11.6 µM, below which the biosensor could not 

reliably detect catechol in solution. In addition, amperometric measurement did not show 

any current change when a control electrode prepared was used in a polymerization 

solution without enzyme.  

 

Figure 7.3. Current-time plot for the application of -150 mV to a biosensor prepared with a 
solution containing 0.5 mg/ml of enzyme. 

Table 7.1. The signals measured against catechol injections, the obtained sensitivity, the standard 
deviation of blank current and the limit of detection (LOD) values obtained with the biosensor.  

Catechol Conc. (μM) ΔI (µA) 

4.98 0 

14.78 9.0x10-4 

38.46 3.0x10-3 

61.03 5.0x10-3 

103.14 7.5x10-3 

Sensitivity 8.0 x10-5 μA/µM 

Std. dev. of blank 2.7 x10-4 μA 

LOD 11.6 µM 

When the biosensor prepared by the same procedure (0.5 mg/ml enzyme, 5 cycles) was 

tested at -150 and -100 mV, to compare the signal using 48 μM catechol, response values 
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of 4.6 nA and 5.4 nA were obtained at -150 and -100 mV, respectively. This indicated 

that application of -100 mV was more suitable due to a higher generated signal. However, 

signal comparison with a certain concentration of substrate was not sufficient.  

Another biosensor was prepared using a 1.6 mm dia. gold electrode cycled between -400 

and 1000 mV for 4 cycles in an SDS aqueous solution containing 0.5 mg of enzyme. 

Then, amperometric measurements at -150 and -100 mV were taken in 2 ml of phosphate 

buffer solution with injection of catechol solutions to obtain final concentrations between 

1.22 and 84.4 μM. Although the obtained sensitivities were the same (0.0003 µA/µM) for 

both applied potentials, the sensor gave the first response to catechol at a concentration of 

9.2 µM with a -100 mV application, while it was recorded with 13.2 µM catechol for the 

application of -150 mV. This result showed that application of -100 mV was more 

suitable for use with the biosensor for the amperometric measurement of catechol. 

The thickness of the film is another important parameter for biosensor sensitivity. Thus, 

biosensors were prepared with 0.5 mg/ml enzyme concentration in SDS polymerization 

solution and using 4 and 5 preparative voltammetric cycles. Next catechol solution 

ranging in the concentration from 4.97 to 248 μM was tested at electrode potentials of  

-150 and -100 mV, and the sensitivities were compared (Figure 7.4. and Table 7.2).  

 

Figure 7.4. Effect of film thickness and the applied potential upon the biosensor signal. 
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Table 7.2. The sensitivity, upper linear limit, limit of detection and quantification values obtained 
by biosensors prepared with 4 and 5 cycles and measured at –150 and –100 mV. 

# of cycles  
Applied E 

(mV) 
Sensitivity 
(μA/μM) 

Upper linear limit 
(µM) 

LOD 
(µM) 

LOQ 
(µM) 

4 cycles  
-150 0.00020 216 2.45 8.15 

-100 0.00040 216 1.04 3.46 

5 cycles  
-150 0.00007 216 8.57 28.58 

-100 0.00006 184 1.55 5.15 

The biosensors showed a linear response up to 216 µM, except for a biosensor prepared 

with 5 cycles was linear up to 184 µM when measured at -100 mV.  The limit of detection 

and quantification values confirmed that application of -100 mV was suitable for a 

biosensor to detect catechol. Moreover, biosensors prepared with 4 cycles showed higher 

sensitivity compared to those prepared with 5 cycles. The results indicate that the thinner 

films had superior sensitivity at both applied potentials.  

However, the obtained sensitivity values using biosensors prepared in SDS aqueous 

solution systems were not high enough and they tended to produce noisy signals. As 

discussed in the previous chapter, SEM images of PEDOT films polymerized in SDS 

solution showed a quite smooth surface morphology. To obtain a high signal using the 

biosensor, the surface of the electrode needs to be rough and porous enough to allow the 

substrate to interact with the enzyme entrapped within the film.  For that reason, enzyme 

entrapment using acetonitrile aqueous solution system was attempted to obtain a better 

sensor. 

7.3.2. Preparation of a Biosensor with Acetonitrile System 

Since the SDS system did not produce suitable biosensors, the aqueous polymerization 

system was changed to an acetonitrile/aqueous system. For this purpose, an acetonitrile 

stock solution containing 4 times the concentration of LiClO4 and EDOT (0.4 and 0.04 

M) was prepared. Then, the solution was diluted 4 times with pH 6.5 phosphate buffer 

containing the enzyme. Similar to previous studies with SDS solutions, a 1.6 mm dia. 

gold electrode was used as the working electrode.  

Different numbers of voltammetric cycles (4, 5, 6, 7 and 15) were used to prepare 

biosensors from solution containing 0.5 mg/ml of enzyme. Amperometric measurements 
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at -100 mV were performed with the catechol concentration between 1.22 and 72.38 µM 

(Figure 7.5.). All of the biosensors gave a response to the lowest concentration of 

catechol (1.22 µM), which could not be detected with the biosensors prepared in an SDS 

solution system. Furthermore, the biosensor prepared in SDS/aqueous polymerization 

solution containing 0.5 mg/ml tyrosinase and cycled for 4 cycles showed a sensitivity 

value of 0.0002 μA/μM; the biosensor prepared with same parameters and same enzyme 

concentration in acetonitrile produced a sensitivity of 0.0021 μA/μM, which was 10 times 

higher. Thus, it can be concluded that the Tyr-PEDOT film prepared in 

acetonitrile/aqueous solution is more suitable for biosensor applications. 

 

 

Figure 7.5.  Amperometric measurement (A) of catechol solutions at a concentration range of 
1.22 to 72.38 µM with biosensors prepared in acetonitrile solution containing 0.5 mg/ml 
tyrosinase, using different number of preparative cycles (4, 5, 6, 7 and 15), and signal vs. catechol 
concentration plot (B) for the biosensors.  
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The obtained sensitivity values decreased slightly with an increase in the number of 

cycles during preparation, which indicated that a thicker film affected the interaction of 

the substrate with the enzyme (Tables 7.3.).  

Table 7.3.  Analytical performance values of biosensors prepared with a different number of 
preparative cycles.  

# of cycles  Sensitivity (μA/μM) LOD (μM) LOQ (μM) 

4 0.0019 0.35 1.67 

5 0.0019 0.37 1.23 

6 0.0018 0.30 1.00 

7 0.0015 0.62 2.07 

15  0.0013 0.11 0.37 

Since the measured current response is expected to be related to the surface area of the 

electrode, a 3 mm dia. glassy carbon electrode was used to increase the signal intensity. 

Biosensors were prepared using 1.6 mm dia. gold and 3 mm dia. glassy carbon electrodes 

in a solution containing 0.5 mg/ml tyrosinase, with 4 preparative cycles. The biosensor 

was tested with catechol concentrations between 1.22 and 87.3 μM (Figure 7.6.).  

 
Figure 7.6. Amperometric measurement comparison with 1.6 mm dia. gold and 3 mm dia. glassy 
carbon electrodes. 
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Table 7.4. Analytical properties of biosensors prepared with 1.6 mm dia. gold and 3 mm dia. 
glassy carbon electrodes following polymerisation in an acetonitrile aqueous solution containing 
0.5 mg/ml tyrosinase for 4 cycles.  

Electrode Sensitivity (μA/μM) Upper linear limit (µM) LOD (μM) LOQ (μM) 

1.6 mm Au 0.0013 65.0 0.53 1.77 

3 mm GCE 0.0032 67.5 0.15 0.50 

By using the 3 mm dia. glassy carbon electrode, the surface area of the working electrode 

increased from 2.01 mm2 to 7.07 mm2 (3.5 times larger). As a result, the sensitivity 

increased in proportion to the increase in surface area. Moreover, the limit of detection 

also decreased from 0.53 to 0.15 µM of catechol (Table 7.4.).  

To investigate the optimum film thickness for the biosensor with a 3 mm dia. electrode, 

different numbers of cycles were used to prepare biosensors with the acetonitrile aqueous 

polymerization solution containing 0.5 mg/ml tyrosinase. The amperometric 

measurements were performed at -100 mV by injection of catechol solution to final 

concentration in the range of 1.22 to 87.31 µM. A bare 3 mm dia. glassy carbon electrode 

was also used for comparison (Figure 7.7.). 

 
Figure 7.7. Dependence of the response of the biosensor prepared with different thickness of the 
film and bare electrode. 

As expected, the bare electrode showed very low signals with a sensitivity of 0.0002 

µA/µM. By contrast, a minimum sensitivity of 0.0019 µA/µM was obtained using a 

biosensor prepared with 3 preparative cycles. The maximum sensitivity was obtained with 
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the biosensor prepared with 4 cycles. In addition, the lowest LOD and LOQ values were 

obtained by the biosensor with 4 preparative cycles (Table 7.5.).  

Table 7.5. Analytical properties of the bare electrode and biosensors prepared with different film 
thickness. 

 Sensirtivity (μA/μM) Upper linear limit (µM) LOD (μM) LOQ (μM) 

Bare 0.0002 60.0 2.08 6.92 

3 cycles  0.0019 67.5 0.87 2.91 

4 cycles 0.0032 67.5 0.15 0.50 

5 cycles  0.0020 60.0 1.25 4.18 

6 cycles  0.0034 60.0 0.36 1.20 

7 cycles 0.0022 60.0 0.63 2.09 

The reusability of the biosensor was investigated by preparation of a biosensor with 4 

preparative cycles in an acetonitrile/aqueous solution containing 0.5 mg tyrosinase. The 

biosensor was used for a high concentration range of catechol (14.8 to 200 μM). After the 

first amperometric measurement was taken, the electrode was firstly rinsed with 

phosphate buffer (pH 6.5), then left to soak in the buffer for 5 min. The electrode was 

used for testing over the same concentration range. During the second use, the biosensor 

gave lower signals compared to the first set of measurements (Figure 7.8.). The sensitivity 

of the electrode also decreased by 75% from 0.0034 µA/µM to 0.0008 µA/µM. This 

indicated that the biosensor was not suitable for reuse, but works better for one-off usage. 

 

Figure 7.8.  The reusability of the biosensor. 
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After the reusability test, the biosensor was rinsed with buffer again. It was then dipped 

into clean buffer, and a CV was performed to see whether there was anything attached to 

the surface that would affect the response. The CV showed the presence of oxidation and 

reduction peaks (around 200 and 150 mV, respectively), although the CV was performed 

in a clean buffer solution (Figure 7.9A). This shows that the compounds present during 

the amperometric measurement became attached to the surface of the electrode and were 

not removed by rinsing with the buffer solution. Then the electrode was rinsed and kept in 

buffer solution overnight. CV was performed in a new buffer solution and it still showed 

oxidation/reduction peaks (Figure 7.9B) at potentials similar to those of catechol (Figure 

7.2.). The attachment of the catechol groups was thus quite strong, and they were not 

removed over time by diffusion.  This shows that electrode can only be used once, and 

then a new one needs to be prepared.  

A B 

 

Figure 7.9. CV of a biosensor in a buffer solution after use for catechol determination: after 
rinsing with buffer (A), after a further period of storage in buffer overnight (B).  

In order to investigate the reproducibility of the biosensor, 3 biosensors were prepared 

using the same preparative parameters and tested under the same conditions. The 

responses were similar with the current values typically differing by a standard deviation 

of less than 0.01 μA (Figure 7.10A, Table 7.6.)  The average responses are shown in 

Figure 7.10B. The obtained sensitivity was 0.0040 µA/µM, while the LOD and LOQ 

were found to be 0.52 and 1.73 µM, respectively. The linear concentration range was up 

to 95 μM. When the relative standard deviation was calculated from the response to the 

first injection concentration (14.78 µM), it represented a relative standard deviation of 

6.8%, which is an acceptable reproducibility value. 
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Figure 7.10. Amperometric measurement plot of triplicate of biosensor with 4 cycles and 0.5 
mg/ml tyrosinase (A) and the signal vs. catechol concentration plot from average response values 
(B) 

Table 7.6. Responses obtained by three biosensors formed using 4 preparative cycles and 0.5 
mg/ml of enzyme. 

Catechol  
conc. (µM) 

ΔI (µA)   

Bio 1 Bio 2 Bio 3 Average Std. Dev. RSD (%) 

14.78 0.0876 0.0918 0.1000 0.0931 0.0063 6.8 

35.37 0.1926 0.1998 0.2160 0.2028 0.0120 5.9 

61.03 0.3006 0.3058 0.3252 0.3105 0.0129 4.2 

90.91 0.3976 0.3958 0.4171 0.4035 0.0118 2.9 

124.09 0.4646 0.4658 0.4833 0.4711 0.0103 2.2 

160.84 0.5276 0.5198 0.5307 0.5258 0.0053 1.0 

200.00 0.5696 0.5598 0.5533 0.5608 0.0083 1.5 
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The enzyme concentration in the polymerization solution was increased to 1 mg/ml 

tyrosinase in order to entrap more enzymes into the PEDOT film, in an attempt to 

increase the biosensor sensitivity. Polymerization was performed on a 3 mm dia. glassy 

carbon electrode by cycling for 4 cycles. Amperometric measurements were taken by 

injection of catechol solutions across the concentration range of 14.78 to 200 µM. This 

experiment was performed in triplicate (Figure 7.11.). 

 

   

Figure 7.11. Response of the biosensors prepared in a solution containing 1 mg/ ml tyrosinase at 
a 3 mm dia. glassy carbon electrode (A) and the signal vs. concentration plot from average 
response values (B). 

The obtained biosensor sensitivity increased slightly (0.0043 µA/µM) compared to the 

biosensors prepared with 0.5 mg/ml tyrosinase solution. Moreover, the LOD and LOQ 

values decreased to 0.26 and 0.88 µM, respectively. Also, the response was found to be 

linear up to 90 µM. The reproducibility at 6.8 % was similar to the biosensor with a lower 

enzyme concentration. However, the optimum film thickness may have changed with a 

different enzyme concentration. For that reason, the biosensors were prepared with 4, 5 

and 6 cycles and their responses to catechol (14.78 to 200 µM) were compared (Figure 

7.12.).  
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Figure 7.12. Response of biosensors prepared in the solution containing 1.0 mg/ml of tyrosinase 
with a different number of preparative cycles (A) and the signal vs. concentration plot (B). 

Table 7.7. Analytical parameters of the biosensor prepared with 4, 5 and 6 cycles and using 
1 mg/ml tyrosinase. 

# of cycles  Sensitivity (µA/µM) Upper linear limit (µM) LOD (µM) LOQ (µM) 

4 0.0043 95 1.30 4.33 

5 0.0049 97 0.66 2.20 

6 0.0055 95 0.59 1.98 

Compared to the results obtained for the biosensors prepared in 0.5 mg/ml enzyme 

solution, a higher sensitivity was obtained with the biosensors prepared in 1.0 mg/ml 

enzyme solution (Table 7.7.). Furthermore, the linear concentration range increased for 

these samples.  

The tyrosinase concentration was then increased to 1.5 mg/ml, and biosensors were 

prepared with 4, 5 and 6 cycles and tested with catechol in the concentration range of 

14.78 to 200 µM (Figure 7.13.)  
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Figure 7.13.  Responses of the biosensors prepared in solution containing 1.5 mg/ml of tyrosinase 
following a different number of preparative cycles (A) and the signal vs. concentration plot from 
average response values (B). 

Table 7.8. Analytical parameters of the biosensor prepared in 1.5 mg/ml of tyrosinase solution.  

# of cycles  Sensitivity (µA/µM) Upper linear limit (µM) LOD (µM) LOQ (µM) 

4 0.0064 115 0.34 1.12 

5  0.0081 97.5 0.34 1.13 

6  0.0072 95.0 0.13 0.44 

When the tyrosinase concentration was increased to 1.5 mg/ml, the sensitivity of the 

biosensors increased compared to the previous ones, as expected (Table 7.8.). With 1.5 

mg/ml tyrosinase solution, the biosensor prepared with 5 cycles gave the highest 

sensitivity; however, the biosensor with 6 cycles showed a lower LOD and LOQ. On the 

other hand, the linear response concentration range decreased with the thicker films.  

Since the maximum solubility of the tyrosinase in buffer is 2 mg/ml (according to Sigma-

Aldrich data sheet), the enzyme concentration in polymerization solution was increased to 
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2 mg/ml. The biosensors were prepared with 4, 5 and 6 cycles and the responses against 

catechol (14.78 to 200 µM) were compared. While the enzyme concentration had 

increased, the sensitivity of biosensor prepared with 6 cycles did not increase relative to 

the others. This could indicate that the thickness of the film can affect the response. On 

the other hand, the biosensors prepared with 4 and 5 cycles showed higher responses, 

which were close to each other (Figure 7.14. and Table 7.9.). 

 

Figure 7.14. The responses of the biosensors prepared in solution containing 2.0 mg/ml 
tyrosinase with different numbers of cycles (A) and the signal vs. concentration plot (B). 

Table 7.9. Analytical parameters of the biosensor prepared in 2.0 mg/ml of enzyme solution. 

# of cycles  Sensitivity (µA/µM) Upper linear limit (µM) LOD (µM) LOQ (µM) 

4 0.0116 95 0.34 1.15 

5 0.0122 95 0.29 0.98 

6 0.0084 95 0.43 1.42 
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7.3.3. The Effect of Enzyme Concentration on Biosensor Response 

The experiments carried out with different enzyme stock solutions on different days 

showed deviations in the responses, although the same preparative parameters were used. 

This might be due to a difference in the specific activity of the tyrosinase purchased from 

Sigma-Aldrich. It was specified only as ≥1,000 units/mg solid, and a stock solution was 

not prepared based on unit activity.  It would not be correct to compare the results 

obtained using the different enzyme bottles. For that reason, the effect of enzyme 

concentration on biosensor was tested from one stock solution on the same day.  

Meanwhile, it was found that the polymerization solution should be prepared freshly 

before each polymerization. When a stock solution was not prepared daily, it showed a 

loss of activity, probably due to EDOT monomers or LiClO4 having an effect on enzyme 

activity or conformation. At the same time it has been reported that acetonitrile does not 

adversely affect enzyme activity (Miyasaka et al., 2001).   

The biosensors were prepared with solutions containing 0.5, 1.0, 1.5 and 2 mg/ml 

tyrosinase by cycling for 4 cycles. The responses increased with a higher enzyme 

concentration (Figure 7.15.). The highest sensitivity and the lowest LOD and LOQ values 

were observed with a biosensor prepared in 2 mg/ml enzyme concentration. The linear 

concentration range did not change with the use of solution with 1.5 mg/ml tyrosinase, 

but it was found to be the same for the biosensor prepared in 2.0 mg/ml enzyme (Table 

7.10.). 

In a previous study, the effect of different tyrosinase concentrations on the response of a 

biosensor was investigated (Lupu et al., 2013a). A concentration range from 0.1 to  

3 mg/ml was tested and it was found that with less than 0.4 mg/ml enzyme, there was no 

response, while for concentrations of enzyme greater than 2 mg/ml, the response did not 

increase with additional tyrosinase. However, in this study, a tyrosinase concentration 

greater than 2 mg/ml was not tested due to the maximum solubility of tyrosinase being 

reached. The obtained highest sensitivity (0.0116 µA/µM) was higher than the values 

(0.00103 µA/µM) reported recently for Tyrosinase-PEDOT based biosensor prepared 

using sinusoidal voltages (Lupu et al., 2013b).  However, a higher sensitivity value of 

0.141 µA/µM was reported for another Tyrosinase-PEDOT based biosensor prepared 

using a constant potential method (Védrine et al., 2003).  
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Figure 7.15. Comparison of responses for biosensors prepared with solutions containing 0.5, 1.0, 
1.5 and 2 mg/ml enzyme after 4 preparative voltammetric cycles (A) and the signal vs. 
concentration plot (B). 

 

Table 7.10. Analytical parameters of the biosensor prepared using different tyrosinase 
concentrations. 

Tyr. conc. (mg/ml) Sensitivity (µA/µM) Upper linear limit (µM) LOD (µM) LOQ (µM) 

0.5 0.0034 95 1.91 6.37 

1.0 0.0043 95 2.80 9.34 

1.5 0.0056 125 1.66 5.53 

2.0 0.0116 125 1.18 3.93 
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7.3.4. The effect of Film Thickness on Biosensor Response 

The effect of film thickness was studied by using different number of cycles for 

polymerization with a solution enzyme concentration of 2.0 mg/ml. The biosensor 

response was measured against a catechol concentration of 4.95 to 125.4 µM (Figure 

7.16.).  

 

 

Figure 7.16. Effect of PEDOT film thickness on the biosensor response. Amperometric 
measurement plot (A) and signal-concentration plot (B).  

The obtained sensitivities and the signal with 5 µM catechol were used for comparison, 

and biosensors with 4 and 5 cycles showed quite close signals (Figure 7.17A). On the 

other hand, the highest sensitivity (0.0040 μA/μM) was obtained for the biosensor 

prepared with 4 preparative cycles (Figure 7.17B, Table 7.11.).  It has been suggested that 

in biosensors of this type, most of the catechol and oxygen are consumed at the film-

solution interface in the case of thick films (Shan et al., 2007), meaning that most of the 

product is lost into the solution rather than being reduced at the electrode and to produce 
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an electrical signal. In addition, while more polymer film is produced, the polymer might 

compress the enzyme; therefore, enzyme morphology is changed and cannot react with 

the substrate efficiently. Hence, the biosensor with a higher number of preparative cycles 

showed a decrease in signal and sensitivity.  For that reason, it is important to find the 

optimum thickness of the film to design a biosensor.  

Figure 7.17. Comparison of signal to 5 μM catechol (A), and sensitivity (B), for biosensors with 
different film thicknesses given by a different number of preparative cycles. 

Table 7.11. The sensitivity, limit of detection and quantification values obtained by biosensors 
prepared with different number of preparative voltammetric cycles. 

# of cycles  Sensitivity (µA/µM) LOD (µM) LOQ (µM) 

1 0.0012 0.61 2.05 

2 0.0012 0.88 2.94 

3 0.0016 0.80 2.66 

4 0.0020 0.41 1.37 

5 0.0018 2.70 9.01 

6 0.0017 2.24 7.46 

7 0.0015 1.08 3.61 

The response time was defined as that needed to reach a steady-state current after 

injection of the substrate (Shan et al., 2007). The response time for detection of 5 μM 

catechol at pH 6.5 was less than 6 sec for each biosensor mentioned above. This result 

indicates that mass transfer of substrate through the film and the electron exchange 

between enzyme and substrate occurred rapidly, and that enzyme activity was not blocked 

by the PEDOT film. 
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7.3.5. Optimum pH and Temperature 

7.3.5.1. Optimum pH  

Enzyme activity is affected by changes in pH. Generally, enzymes lose their activity at 

extremely high and low pH levels. Determination of optimum pH for free tyrosinase 

activity was performed with 50 mM catechol solution in buffers at pH 5.5, 6.0, 6.5, 7.0, 

7.5 and 8.0. The velocity for each pH was calculated from the slope of the plot of 

absorbance vs. time (Figure 7.18A). Owing to the high activity of tyrosinase, the linear 

absorbance increase generally took place over the first 5 seconds.  The highest activity 

was observed at pH 7 and the relative activity was calculated by assessing the velocity at 

pH 7 taken as 100% (Figure 7.18B, Table 7.12.). 

 

Figure 7.18. Absorbance – time plot (A) and the obtained relative activity values of free enzymes 
at pH values between 5.5 and 8.0 and the plot of the relative activity vs. pH (B). 

Table 7.12. The velocity (v) and relative activity values of free enzymes at different pH values. 

pH v (abs/sec) v  (abs/min) The Relative Activity (%) 

5.5 0.0076 0.456 86.36 

6.0 0.0076 0.456 86.36 

6.5 0.0086 0.516 97.73 

7.0 0.0088 0.528 100.00 

7.5 0.0076 0.456 86.36 

8.0 0.0061 0.366 69.32 
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In order to determine the optimum working pH value for the biosensor, amperometric 

measurement was performed in buffer solutions at pH ranges between 5.5 and 8 by 

injection of catechol solutions (final concentration range of 5 to 76.5 µM) (Figure 7.19., 

Table 7.13.). The maximum response to 5 µM catechol and the sensitivities were used for 

evaluation. The results showed that the designed biosensor gave the highest signal to 5 

μM catechol at pH 6.5 (Figure 7.20A). The comparison of sensitivity values also showed 

that pH 6.5 was the optimum condition for the designed biosensor (Figure 7.20B). This 

result is consistent with a previous study about immobilization of tyrosinase in PEDOT 

using a constant potential preparation (Védrine et al., 2003). Also, immobilization in 

other matrices had showed maximal activity at pH 6.5, such as in polyaniline (Tan et al., 

2010), in 1-(4-nitrophenyl)-2,5-di(2-thienyl)-1H pyrrole (Tuncagil et al., 2010) and in 

silica sol-gel (Li et al., 1998). Other studies have shown pH 7 to be the optimum value for 

polyaniline with glutaraldehyde cross-linking (Zhang et al., 2009), using polypyrrole 

(Apetrei et al., 2011) and in silica sol-gel (Wang et al., 2000).  On the other hand, wider 

pH values (7 to 11) were found to be optimum for immobilization in polypyrrole and 

copolymers (Böyükbayram et al., 2006, Yildiz et al., 2006, Kiralp et al., 2005). In 

addition, the biosensor demonstrated quite good stability at the tested pH values since it 

showed quite close signal and sensitivity, except in a pH 8 solution where the biosensor 

lost 50% of its activity. 

 
Figure 7.19. Amperometric measurement plot in buffers at different pH values. 

Table 7.13. The signal to 5 µM of catechol and the sensitivity of biosensors at pH 5.5 to 8.0. 

 pH 5.5 pH 6 pH 6.5 pH 7 pH 7.5 pH 8 

ΔI (µA) 0.022 0.0304 0.0356 0.0311 0.028 0.0179 

Sensitivity (μA/μM) 0.0040 0.0045 0.0053 0.0048 0.0040 0.0029 
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Figure 7.20. Comparison of signal to 5 μM catechol (A), and sensitivity (B) for a biosensor 
operating at different pH values. 

7.3.5.2. Optimum Temperature 

Temperature is one of the most important parameters for enzyme activity. Similar to most 

chemical reactions, the rate of enzymatic reaction increases with increased temperature. 

On the other hand, a high temperature can adversely affect many enzymes. Generally, the 

reaction rate rises to a maximum level with temperature, and then it starts to decline with 

a further increase of temperature. It is also important that most enzymes are denatured 

rapidly at a temperature higher than 40 ⁰C (Leskovac, 2004). 

The effect of temperature on free tyrosinase activity was tested spectrophotometrically 

with 50 mM catechol solution at different temperatures using a temperature controller. 

From the slope of the absorbance - time plot, the velocity was calculated. The activity of 

the free enzyme increased with increasing temperature in the range of 20 to 40 ⁰C, and 

then decreased as temperature was increased further. The highest velocity was obtained at 

40 ⁰C and was taken as 100% activity when calculating relative activity calculation 

(Table 7.14.). However, the enzyme lost its activity with time, and the absorbance 

decreased after around 10 seconds (Figure 7.21A). The effect of temperature on free 

tyrosinase is shown in Figure 7.21B. The enzyme lost more than 40% of its activity at  

60 ⁰C, probably due to conformational changes and denaturation at this temperature. 
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Table 7.14. The obtained velocity (v) values of free enzyme at temperatures between 20 and  
60 ⁰C and the relative activity (%) values.  

 Temp. (⁰C)  v (abs/sec) v (abs/min) The Relative Activity (%) 

20 0.0714 4.28 71.5 

30 0.0727 4.36 72.8 

40 0.0999 5.99 100.0 

50 0.0808 4.85 80.9 

60 0.0586 3.52 58.7 

 

Figure 7.21. The plot of absorbance (380 nm) change in the reaction mixtures at different 
temperatures (A), and the plot of the relative activity vs. temperature (B). 

The biosensors were prepared with 4 voltammetric cycles in 2 mg/ml tyrosinase solution 

and amperometric measurements were taken in buffer solutions at temperatures between 

20 and 60⁰C (Figure 7.22.). The response to 5 µM catechol and the sensitivity values both 

showed that the optimum temperature for the biosensor was 40 ⁰C, similar to that 

obtained for free tyrosinase (Table 7.15., Figure 7.23.). Previously, an optimum 

temperature of 25 ⁰C had been reported for a Tyrosinase-PEDOT based biosensor 

prepared using a constant potential method (Védrine et al., 2003). Moreover, this reported 

biosensor showed around 60% activity loss at 40 ⁰C, in contrast to our study. On the other 

hand, while free tyrosinase lost up to 40% of activity, the biosensor lost all of its activity 

at 60 ⁰C due to denaturation. Immobilization into PEDOT might be not adequate for the 

high temperature stability of tyrosinase. However, the biosensor showed quite good 
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stability in the temperature range from 20 to 50 ⁰C, and the maximum activity loss was 

about 33%.  

 
Figure 7.22. Amperometric measurements at temperatures between 20 and 60 ⁰C. 

Table 7.15. The signal obtained for 5 µM of catechol and the sensitivity values of biosensor at 

temperatures between 20 and 60 ⁰C 

 20 ⁰C 30 ⁰C 40 ⁰C 50 ⁰C 60 ⁰C 

ΔI  (µA) 0.0202 0.0243 0.0300 0.0200 0 

Sensitivity (μA/μM) 0.0030 0.0039 0.0045 0.0032 0 

 

Figure 7.23. Comparison of signal towards 5 μM of catechol (A), and sensitivity (B) for the 
biosensor at different temperatures. 
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7.3.6. Reproducibility and Reusability 

The reproducibility of the biosensor was evaluated by comparing the response of six 

different electrodes to 5 μM of catechol and calculating the relative standard deviation 

value (Figure 7.24., Table 7.16.). The response to 5 µM of catechol was found to be  

0.32 µA with standard deviation of 0.04 µA. A relative standard deviation value of  

11.2% was obtained from the responses of 6 biosensors. This value is better than the 

value obtained (13%) by immobilization with PEDOT using a sinusoidal voltage (Lupu et 

al., 2013b).   

 

Figure 7.24. Amperometric measurement plot for six separate biosensors. 

Table 7.16. The signals obtained for 5 µM of catechol from 6 biosensors and the average, 

standard deviation and relative standard deviation (RSD) values.  

 # of assay ΔI  (μA) 

1 0.31 

2 0.36 

3 0.38 

4 0.28 

5 0.30 

6 0.31 

Average 0.32 

Stand. Dev. 0.04 

RSD 11.2 

 

20 40 60 80 100 120
-0.5

-0.4

-0.3

-0.2

-0.1

0.0

C
u

rr
e

n
t /

 
A

Time / sec

 r1
 r2
 r3
 r4
 r5
 r6



 

144 
 

The reusability was firstly tested with the biosensor prepared in 0.5 mg/ml enzyme 

solution and the results showed that the biosensor lost its efficiency after each use (Figure 

7.8.). In the previous assay, the electrode was only rinsed with the buffer solution. 

Another procedure was used to clean the sensor and to regenerate the enzyme. Between  

measurements, the electrode was rinsed with phosphate buffer, and then dipped firstly 

into a 2 M NaCl solution and then into a 50 mM EDTA solution for 15 min each with 

stirring, and finally rinsed with buffer again prior to reuse. The reproducibility of the 

signal was calculated by taking 6 measurements using 5 μM catechol and the same 

biosensor. The measured signals are shown in Figure 7.25.  The signal decreased with 

successive measurements and this decrase was around 30% of the previous measured 

signal (Table 7.17.).  Since the reusability was not good, the operational stability and 

storage conditions were not investigated. The designed biosensor is more suitable for use 

as a disposable electrode. 

 

Figure 7.25. Successive amperometric measurements for a 5 µM of catechol solution using the 
same biosensor. 

Table 7.17. The signal to 5 µM of catechol for successive measurements using the same 
biosensor.  

# of assay ΔI (μA) 

1 0.31 

2 0.22 

3 0.15 

4 0.10 

5 0.07 

6 0.05 
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7.3.7. Enzyme Kinetics 

Free enzyme activity was measured spectrophotometrically to determine the enzyme 

kinetic parameters of free tyrosinase in solution and to compare these with the results 

obtained for the immobilized tyrosinase. The slope of the absorbance vs. time plot was 

taken as the velocity of the enzyme for each catechol concentration. To investigate 

enzyme kinetics, parameters such as Vmax, Km were determined and Michaelis-Menten 

plots were constructed (Figure 7.26A). The velocity was linear with catechol 

concentration in the range up to 0.2 mM, which indicated a first-order enzymatic reaction. 

The velocity increase slowly at higher concentrations. 

A Lineweaver-Burk plot was drawn from the reciprocal of the values obtained from  

a linearization of the Michaelis-Menten plot (Figure 7.26B). However, the plot showed 

nonlinearity at higher concentrations (greater than 0.2 mM). Tyrosinase has a binuclear 

active site which means that it has more than one substrate binding site (Ismaya et al., 

2011). Due to cooperativity with enzymes having more than one active site, the 

Lineweaver-Burk plot shows some nonlinearity. The Hill coefficient was calculated to 

examine the cooperativity, and whether it was positive or negative (Copeland, 2002). 

Using the OriginLab program, kinetic parameters for free tyrosinase were calculated from 

a nonlinear fitting of the system function. The Hill equation fitted plot is given in  

Figure 7.27. As a result, it was found that Vmax was 0.25 ± 0.005 abs/min, Km was 114.7 ± 

0.009 µM and n was 1.83 ± 0.29. The Hill coefficient was higher than 1 which indicated 

that there was positive cooperativity. With positive cooperativity, the binding of one 

substrate facilitates the binding of subsequent substrate molecules at other sites. 
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Figure 7.26. The Michaelis-Menten (A) and Lineweaver-Burk (B) plots for free tyrosinase.  

 

Figure 7.27. The Hill equation fitted Michaelis-Menten plot for the free tyrosinase. 

The biosensor to be used in the enzyme kinetic study was prepared in a solution 

containing 2 mg/ml tyrosinase and with a PEDOT film produced by cycling for 4 

voltammetric cycles. The prepared sensor was used in amperometric measurements with a 

high concentration range of catechol (9.9 to 1423 μM). The obtained response is shown in 

Figure 7.28A.  
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Figure 7.28. The amperometric measurement plot for enzyme kinetics (A), Michaelis-Menten (B) 
and Lineweaver-Burk (C) plots for the PEDOT-based tyrosinase biosensor. 

Once the catechol concentration reached 333 μM, the signals started to decrease owing to 

substrate inhibition and the overly high substrate concentration.  The biosensor showed a 

linear trend up to 99 μM of catechol and gave a sensitivity value of 0.0080 μA/μM. The 

LOD and LOQ values were calculated as 0.80 and 2.66 μM, respectively. For enzyme 

kinetic calculations, measurements up to 489.6 µM were taken into account. The enzyme 

kinetics for the biosensor were calculated based on a Michaelis-Menten plot obtained by 

plotting V, in terms of electrode current, versus substrate concentration (Figure 7.28B), 

using an approach described previously (Apetrei et al., 2011). Similar to the free enzyme 

assay, the Lineweaver-Burk plot did not show any linearity for catechol concentrations 

greater than 99.1 μM.  As explained above, the Hill equation was used to calculate 

enzyme kinetic parameters for the immobilized tyrosinase.  According to the Hill constant 
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calculation using OriginLab (Figure 7.29.), Vmax was 1.38 ±0.06 μA, Km was 63.05 ± 6.37 

μM and the Hill constant was 1.40 ± 0.18.  

 

Figure 7.29. The Hill equation fitted Michaelis-Menten plot for the immobilized tyrosinase in the 
PEDOT-based biosensor. 

For both free and immobilized tyrosinase, the Hill coefficient was found to be greater 

than 1, which indicated a positive cooperative effect between occupied active sites. The 

Hill coefficient value decreased slightly in the immobilized form. The Km value gives 

information about the affinity of the enzyme to substrate molecule; the lower the value of 

Km, the greater the affinity to the substrate (Mathews, 2000). Generally, it is expected that 

an immobilization technique will increase the affinity of the enzyme for the substrate. In 

this study, Km for the free enzyme was found to be 114.7 μM. However, it decreased to 

63.05 μM after immobilization. This result indicates that immobilization into a PEDOT 

film using the voltammetric preparative method provided more affinity for the substrate. 

Compared to Km values from the literature, a lower value was obtained in this study. For 

example, Km values for tyrosinase immobilized in polypyrrole (Apetrei et al., 2011) and 

polyaniline (Tan et al., 2010) were found to be 80.2 µM and 146 µM, respectively.  Also, 

studies with non-conducting polymer immobilization matrices showed higher Km values, 

namely 109 µM  in silica sol-gel (Li et al., 1998), 120 µM in cross-linked glutaraldehyde 

on a gold nanoparticle covered electrode (Carralero Sanz et al., 2005), and 96.9 µM in a 

Fe3O4 nanoparticle-cihitosan nanocomposite (Wang et al., 2008).  It can be concluded 

that immobilization into a PEDOT film by the cyclic voltammetry technique was more 

favourable for tyrosinase.  
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7.3.8. Testing Phenolic Compound Solutions and Real Samples 

Biosensors were prepared in the solution containing 2 mg/ml of tyrosinase and using 

PEDOT formed by 4 preparative voltammetric cycles. Gallic acid, chlorogenic acid, 

catechin and epigallocatechin gallate (EGCG) were tested at the biosensor before some 

real beverage samples were tested. The concentration range from 20 to 303 µM of 

phenolic compounds was tested amperometrically by injection of 30, 60, 100, 140 and 

200 µl of stock solutions at concentration of 2 mM at 25 or 50 second intervals. The 

resulting amperometric curves are given in Figure 7.30. The measured signals are given 

in Appendix 23.   

A B 

C D 

Figure 7.30. The amperometric response curves of gallic acid (A) and catechin (B) by injection 
with 50 sec. intervals, chlorogenic acid (C) and epigallocatechin gallate (D) by injection with 25 
sec. intervals to obtain final concentrations of 19.8, 61.4, 122.1, 200.9 and 302.7 μM. 
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Table 7.18. The obtained sensitivity values for the tested phenolic compounds.  

Compound Sensitivity (µA/µM) 

Gallic acid 0.1 x 10-4 

Chlorogenic acid 1.0 x 10-4 

Catechin 5.0 x 10-4 

EGCG - 

 

The biosensor showed different sensitivities for catechin, EGCG, chlorogenic acid and 

gallic acid. EGCG in particular showed a positive current increase at –100mV.  The 

sensitivity values were found to be lower compared to catechol. The sensitivity 

calculation curves are shown in Appendix 24. and the final results are listed in Table 7.18. 

The sensitivity values were found to be catechol >> catechin > chlorogenic acid > gallic 

acid >>> EGCG. This result is consistent with previous reports. For example, in a study 

on wine analysis using a tyrosinase-based biosensor (Carralero Sanz et al., 2005), the 

biosensor showed the highest sensitivity for catechol and a lower response for 

chlorogenic acid and gallic acid. An increase in Km values also indicated a loss of affinity 

for the substrate. In another study with a tyrosinase-based biosensor (Nadifiyine et al., 

2013), catechin derivatives were tested as well as catechol. The sensitivity order was as 

follows: catechol >>> epicatechin > catechin > epicatechin gallate > gallocatechin> 

epigallocatechin > gallocatechin gallate > EGCG. The sensitivity against EGCG was 

found to be 21 times lower than that of catechin.   

The different affinity of the enzyme to compounds has been explained by their chemical 

structure (Nadifiyine et al., 2013). While catechin, epicatechin and epicatechin gallate 

have an ortho-diphenolic structure, the other compounds do not, which causes decrease in 

affinity for the reaction with tyrosinase. Especially, the lowest sensitivity against EGCG 

was observed due to a galloyl component at the 3-position, which may cause steric 

limitations for interactions with the enzyme.  

As real samples, green tea (sample no: 2) and coffee (sample no: 13, Turkish coffee) were 

also tested amperometrically by direct injection of undiluted samples into a 3 ml 

phosphate buffer solution (pH 6.5) at 50 second intervals. The obtained response curves 

are shown in Figure 7.31. The injection volumes of 30, 60, 100, 140 and 200 µl provided 

the following dilution factors: 0.99, 3.07, 6.10, 10.04 and 15.13%. According to the 
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Folin-Ciocalteu assay, the total phenolic contents of the green tea and coffee were found 

to be 958 and 1945 mg GA/L, which are equivalent to 5.6 and 11.4 mM GA, respectively. 

Thus, the tested total phenolic concentration range would be between 56 and 852 µM for 

green tea and between 113 and 1730 µM as a gallic acid equivalents. According to the 

calculation of total phenolic content as mentioned above, the obtained sensitivity values 

were found to be 0.3 x 10-4 and 0.8 x 10-4 µA/µM, respectively. The measured responses 

are listed in Appendix 25. and plots of signal vs. concentration of phenolic content of 

samples are given in Appendix 26. The biosensor showed a better sensitivity to the coffee 

sample due to the presence of catechol-containing chlorogenic acid-type polyphenols, 

while the dominance of EGCG in the green tea sample led to a very different response 

curve.  

A B 

Figure 7.31. The amperometric response curves of green tea (A) and coffee (B) by injection of 
30, 60, 100, 140 and 200 µl with 50 second intervals.   

7.3.9. SEM of PEDOT and PEDOT/Tyrosinase  

The morphology of PEDOT polymerized on a 3 mm diameter glassy carbon electrode in 

the acetonitrile/water solution with and without tyrosinase was observed using SEM. The 

film thickness was found to be similar to the PEDOT in SDS solution (Chapter 6). 

However, a rougher and more porous surface was obtained in the acetonitrile/water 

solution (Figure 7.32.).  This was a desired morphology for a biosensor since it needs to 

be porous enough to allow the enzyme to interact with substrate. The mass of polymer 

films were estimated as explained in Section 6.3.7. The charge of polymerization in 

acetonitrile/water was found to be 1.87 mC, while it was 1.11 mC when enzyme was 

50 100 150 200 250 300
-0.09

-0.08

-0.07

-0.06

-0.05

C
ur

re
n

t /
 

A

Time / sec
0 50 100 150 200 250 300

-0.150

-0.125

-0.100

-0.075

-0.050

C
ur

re
n

t /
 

A

Time / sec



 

152 
 

present in the solution. As a result, the estimated polymer masses were found to be 

1.38 μg for PEDOT in acetonitrile/water and 0.82 μg in acetonitrile/water/tyrosinase.  

The morphology of the PEDOT/Tyr film showed some pin-head structures, which were 

probably due to the enzyme molecules. This result also confirmed that the enzyme had 

been immobilized successfully into the PEDOT film.  

Bare PEDOT PEDOT/Tyr 
A 

 
 

B 

 

C 

 
D 

 
 

E F 

G 

 

H I 

Figure 7.32.  SEM images of a 3 mm dia. glassy carbon electrode as bare (A, D, G), covered with 
PEDOT (B, E, H) and covered with PEDOT/Tyr (C, F, I), at three different magnifications. 
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7.3.10. Protein Content of the Biosensor by the Lowry Assay 

Spectral scanning between 500 and 800 nm of BSA solution showed absorbance peak at 

three wavelengths, 535, 630 and 760 nm. The absorbance at 535 nm was used for 

concentration determination and when the absorbance values were drawn against BSA 

concentration, and the plot given in Appendix B. 27. was obtained. According to the 

results, the linear protein determination range was between 5 and 100 μg/ml.  

In a study on a tyrosinase-based biosensor (Kiralp et al., 2003), protein determination was 

carried out using the Bradford assay. It was found that 9.6 to 8.9 µg of protein was 

entrapped in the electrode. In this study, the protein concentration could not be 

determined by the Lowry assay. The surface of the working electrode in the above 

mentioned study was 1.5 cm2 which was 21 times bigger than the electrode used here 

(0.0707cm2). The bigger surface causes detectable change in the protein concentration. In 

this study, the decrease in protein concentration in the polymerization solution was too 

small to detect. 

7.4. Conclusion 

Tyrosinase was successfully entrapped into PEDOT films using the cyclic voltammetry 

technique. Two types of aqueous polymerization solutions were evaluated and the 

acetonitrile/water solution gave a superior result. The resulting biosensor was tested using 

catechol as a model substrate. Tyrosinase entrapment provided specificity and selectivity 

for the PEDOT electrode. Moreover, an advantage of the biosensor was that it allowed 

quinones to be detected at a low potential value and provided protection against fouling of 

the electrode. The optimum conditions for biosensor operation have been investigated. 

The optimum temperature for enzyme activity was not changed by immobilization, while 

the optimum pH decreased slightly from pH 7.0 to 6.5 after immobilisation. The PEDOT 

film prepared by cycling for 4 voltammetric cycles provided an optimum thickness for the 

biosensor. The biosensor prepared in maximum tyrosinase solution (2.0 mg/ml) gave the 

highest sensitivity. The designed biosensor showed good reproducibility, however, it was 

not suitable for reuse. Enzyme kinetic parameters also showed that entrapment of 

tyrosinase into the PEDOT film was favourable for the enzyme, since Km values 

decreased after immobilization. Some of the main phenolic compounds present in tea and 

coffees were tested by the biosensor, which showed different sensitivity depending on the 
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structure of the compound, favouring catechol groups over galloyl functional groups. 

Likewise, amperometric responses to green tea and coffee samples were found to be 

different due to their different phenolic profiles. The morphology of the electrode surface 

was observed by SEM. It showed that polymerization in acetonitrile/water solution 

formed rough and porous film in comparison to films obtained from SDS solutions.  
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Chapter 8 

Conclusion and Future Work 

  

8.1. Conclusion  

Analysis of antioxidants in beverages is possible using electrochemical methods such as 

cyclic voltammetry. In numerous studies, antioxidants have been examined using bare 

inert electrodes. In this thesis, the analysis of the beverage antioxidants was performed 

using an electrode covered with an electroactive PEDOT layer, itself grown 

electrochemically.  

For optimization of the system, different parameters were tested such as the potential 

range for electropolymerization and the thickness of the PEDOT film. Among the tested 

potential ranges, cycling from -300 to 1200 mV was the most suitable for analysing 

antioxidants. In order to change the thickness of the film, a different number of cycles 

were used during the polymerization. When the electrodes were tested in catechin 

containing solutions, well-defined peaks were obtained with PEDOT polymerized for 4 

cycles, and a glassy carbon substrate performed better than a gold electrode substrate. The 

overall results showed that the PEDOT covered glassy carbon electrode greatly improved 

the sensor sensitivity towards antioxidant compounds due to the redox mediator property 

of the conducting polymer. As well as enhancing the sensor sensitivity with PEDOT, the 

beverage samples required less dilution than with glassy carbon electrodes. 

After optimizing the sensor, a number of beverages were tested by cyclic voltammetry. A 

number of the main phenolic compounds were identified and quantified by HPLC 

analysis, and were then tested in buffer solution at a range of pH values to compare the 

electrochemical response with the original samples. In addition, simulation solutions of 

green, black teas and coffees were prepared and tested. The cyclic voltammograms 

successfully indicated the main phenolic compounds present. To evaluate the total 

antioxidant content of the samples, the integral of the current to 500 mV, the “Q500 value”, 

was used and compared with spectrophotometric methods. The correlation between the 

Folin-Ciocalteu and the Q500 was found to be 0.87. Moreover, the results were compared 
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with antioxidant activity assays, namely the ABTS and DPPH radical scavenging 

methods, and a high degree of correlation was also seen (0.75 and 0.73, respectively). In 

conclusion, the CV method provides a rapid result and there is no need to prepare 

complex reagent solutions as needed with many antioxidant and total phenolic assays.  

A further research aim was to convert the chemical PEDOT sensor into a biosensor by 

entrapment of an enzyme. However, enzymes require an aqueous environment and EDOT 

is not very soluble in water. For that reason, polymerization of EDOT was studied in two 

aqueous solution systems; an SDS aqueous solution and an acetonitrile/water mixture. 

The polymerization potential was found to be lower in the aqueous solutions compared to 

that in the propylene carbonate organic solvent. The PEDOT electrode prepared in SDS 

solutions showed a higher response to the test antioxidants than electrodes prepared in an 

acetonitrile/water solution. However, the sensitivity of PEDOT electrode was found to be 

lower compared to electrodes prepared in the organic solvent. In addition, the film 

morphology was found to be different by SEM imaging.  

In the last part of the study, PEDOT sensor was combined with an enzyme to obtain a 

biosensor more specific to phenolic antioxidants. For this purpose, tyrosinase, an enzyme 

that oxidizes phenolic compounds, was used. During electropolymerization of EDOT, the 

enzyme was physically entrapped into the film. Catechol was used as a model substrate 

and a constant potential application was used for detection.  The technique was based 

upon measurement of the o-quinone that was produced by the enzymatic oxidation of 

catechol by reducing it back to the catechol form.  

At the beginning, the SDS solution system was used due to the higher sensitivity to 

antioxidants. However, the enzyme entrapped in SDS solution did not provide a high 

response. This might be due to the dense film morphology with a low porosity. The 

acetonitrile/water solution showed better results and optimization experiments were then 

performed. As a result, the highest sensitivity (0.0020 μA/μM) was obtained using 2.0 

mg/mL tyrosinase in the polymerization solution and 4 preparative CV cycles. The 

optimum pH and temperature for the biosensor were found to be 6.5 and 40 ⁰C, 

respectively, which were similar to the free enzyme. Enzyme kinetic was studied and the 

results showed that the immobilization method was favourable for tyrosinase since the Km 

value decreased, which indicated an increase in affinity of the enzyme for the substrate. 

On the other hand, while the designed biosensor showed good reproducibility, the 
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operational stability and storage conditions were not investigated due to reusability issues. 

Tyrosinase biosensors have been prepared based on PEDOT previously; however, to the 

best of our knowledge, this was the first time that an acetonitrile/water solution and cyclic 

voltammetry technique had been used to prepare a PEDOT/tyrosinase biosensor.  

In conclusion, the suggested method of a PEDOT sensor provides a quick method, and 

provides results within a few minutes. It is less susceptible to the environmental 

conditions while spectrophotometric assays require a long time incubation which makes 

them more variable. Although pH affects the oxidation peak value it is not a problem, as 

alternative spectrophotometric methods require alkaline or acidic solutions. Using the 

PEDOT sensor samples can be tested under their original conditions by the CV method, 

or they can be tested at other pH values to test changes in antioxidant behaviour 

depending upon environment e.g. testing at pH values of stomach and deudoum for 

biological metabolism research.  

On the other hand, there are a few negative points. The time consuming step is 

preparation of PEDOT covered electrode and requirement of a new PEDOT before each 

test. By the use of disposable electrodes, for example screen printed electrodes, this 

problem can be solved. The method also requires a potentiostat, which involves an initial 

investment for a laboratory.  However, these can be now miniaturized and designed for 

specific applications at a lower cost, as in glucose sensors.  In fact, nowadays there are 

new attachments to the smart phones to undertake the blood glucose test. Thus, the 

system could eventually be a mobile system. 

 8.2. Future Perspectives 

In this thesis, only a limited number of samples and antioxidant standards were tested. 

Different beverages possess various phenolic profiles. Moreover, antioxidants are not 

only present in beverages but also in foods and in biological organisms. The designed 

electrode can be used to test the antioxidants present in bodily fluids since the antioxidant 

status of the organism gives information about health.  

Characterization of PEDOT film can be studied to find out its porosity, actual surface 

area and stability. The adsorption property of PEDOT can be used to analyse compounds 

by using adsorption kinetics.   
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As conducting polymer, PEDOT was used in this study; however, other conducting 

polymers and derivatives can be used and may provide superior results.  

As stated, a disposable screen printed electrode can be designed for both chemical sensors 

and biosensor systems. Thus, preparation of the electrode, which is a time consuming 

step, can be eliminated. Moreover, the system could be miniaturized when converted to a 

disposable electrode format, and then a much smaller amount of sample would be needed 

for testing. Furthermore, a designing small electronic system to work as a potentiostat 

would be useful for field studies.  

In order to test real samples by the biosensor, the beverage sample was added and 

measured amperometrically. However, after the first injection of the sample, a successive 

injection of a standard phenolic compound can be carried out and the total phenolic 

content could be evaluated in equivalents of the test compound.  

In terms of biosensor applications, other immobilization methods can be tried to obtain 

better sensitivity. For example, covalent attachment of the enzyme can be performed 

using a suitable functionalized conducting monomer. Another approach can be to find a 

method to obtain a more porous surface with the conducting polymer and to increase the 

amount of entrapped enzyme.  

Various enzymes have different specificities and selectivities. By using the same method, 

other enzymes can be entrapped to obtain a biosensor for other target molecules, such as 

using the ascorbate oxidase enzyme to detect ascorbic acid in beverages and foods. 
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Appendix A 

Enzyme Kinetics 

The simple one-substrate (S) and one-product (P) reaction catalysed by an enzyme (E) is 

defined as follows, and involves an enzyme-substrate complex (ES): 

It is assumed that the reverse reaction between E and P is negligible. This makes the 

catalytic reaction a simple first-order reaction and the rate is determined by [ES] and k2. 

Thus, the rate or velocity (v) of product formation is defined as:  

v = k2 [ES] (2) 

[ES] is not measurable; however, [S], [P] or total [E] can be measured.  

[E]t  =  [E]f  +  [ES] (3) 

 Total  
enzyme

Free  
enzyme

Enzyme  
in complex

  

 

Thus, the velocity (v) can be expressed in terms of [S] and [E]t. In the Michaelis-Menten 

equation, it is assumed that the ES complex is in a steady state, where the rates of 

formation and breakdown of ES are equal: 

k1[E][S] =  k-1[ES]  +  k2[ES] (4) 
 Formation 

of ES 
Breakdown 

to E + S 
Breakdown 

to E + P 
  

Equation (4) can be rearranged: 

ES E S  
 

(5) 

The dissociation constant Km, known as the Michaelis-Menten constant, is thus: 

 
 

(6) 

 

 

 

(1) 
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Then, equation (5) becomes; 

Km[ES]= [E][S] (7) 

If equation (3) is used for rearrangement of equation (7); 

Km[ES]  =  ([E]t  - [ES])[S] (8) 

Km[ES]  =  [E]t [S] - [ES][S] (9) 

Km[ES]  + [ES][S] = [E]t [S]  (10) 

ES
E S

S
 

(11) 

 Finally, equation (11) is put into the velocity equation (2), to obtain: 

	
E S

S
 

(12) 

When the plot of velocity versus [S] is drawn (Appendix A.1.), and where [S] is much 

larger than Km, the reaction rate reaches a maximum velocity, Vmax. Under this condition, 

every enzyme molecule is occupied by a substrate molecule. Then, mathematically, 

equation (12) is expressed with Vmax by making [S] >> Km, so that Km + [S] ≈ [S], thus 

Vmax= k2 [E]t (13) 

When equation (13) is put into equation (12), Michaelis-Menten rate equation becomes; 

	
V S
K S

 
(14) 

 

 

Appendix A.1. Plot of the Michaelis-Menten equation, which shows the effect of substrate 
concentration on reaction velocity.  
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Since it is hard to determine Vmax and Km values from a hyperbolic plot, various 

approaches have been used to obtain a linear plot for their evaluation. The most 

commonly used one is the Lineweaver Burk plot, which is drawn by plotting 1/V versus 

1/[S]. The Lineweaver-Burk plot gives a straight line, as shown in Appendix A.2., that 

has y axis intercept of 1/Vmax and a slope that is equal to Km/Vmax. 

 
Appendix A.2. Lineweaver-Burk plot of the Michaelis-Menten equation 

A deviation from hyperbolic enzyme kinetics is observed when cooperativity is present. 

As previously mentioned in section 2.3, an enzyme can contain subunits that have 

separate active sites and the binding of a substrate molecule to one active site may affect 

the affinity of other active sites which is called as cooperativity. The type of cooperativity 

and potential active sites can be evaluated by the Hill coefficient, h, if the Michaelis-

Menten equation (14) is modified as follows: 

V S
S

 
(15) 

If cooperativity is present, the Michaelis-Menten and the Lineweaver-Burk plots will be 

affected. For example, in the case of positive cooperativity, the Lineweaver-Burk plot 

will be as in Appendix A.3. The following equation can be used in order to obtain a linear 

plot; 

log log  (16) 

 

The plot of log [S] vs. log (v/ Vmax-v) should present a linear line, where the y-axis 

intercept is equal to –logK’m and the slope is h. However, it is hard to draw this plot since 
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Vmax needs to be known. The best way to evaluate h, Km and Vmax values in the 

cooperativity case is to use a direct nonlinear curve fit to equation (15) (Copeland, 2000).  

 

Appendix A.3. The Lineweaver-Burk plot in the presence of positive cooperativity (Copeland, 
2002). 
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Appendix B 
A B 

Appendix  B.1. Formal potential vs. pH plot of gallic acid (A) and chlorogenic acid (B)  

A B

  C  

Appendix  B.2. Formal potential vs. pH plot of catechin (A), epicatechin (B) and EGCG (C). 
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A B

  C   

Appendix B.3. Formal potential vs. pH plot of p-coumaric (A), syringic (B) and vanillic acids 
(C). 

A B 

Appendix B.4.  Cyclic voltammograms of 5-fold diluted green tea samples number 1 (A) and 2 
(B)  
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A B 

C D 

E F 

Appendix B.5. Cyclic voltammograms of 5-fold diluted black teas with samples numbers: black 
tea NZ # 3 (A) and #4 (B), Tr black tea tomurcuk #5 (C) and #6 (D), Tr black tea bag #7 (E) and 
#8 (F). 
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Appendix B.6. Cyclic voltammograms of 20-fold diluted coffee with samples numbers (#); instant coffee #9 (A) and #10 (B), machine coffee #11 (C) 
and #12 (D), Turkish coffee double roasted # 13 (E) and # 14 (F), Turkish coffee medium roasted #15 (G) and #16 (H). 
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A B 

Appendix B.7. Cyclic voltammograms of 10-fold diluted red wine samples number 17 (A) and 18 
(B)  

A B 

Appendix B.8. Cyclic voltammograms of 2-fold diluted linden flower tea samples number 19 (A) 
and 20 (B)  

A B 

Appendix B.9. Cyclic voltammograms of 4-fold diluted sage tea samples number 21 (A) and 22 
(B)  
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Appendix B.10.  Folin-Ciocalteu assay standard curve 

 

Appendix B.11. Standard curve of AUC vs. GA at pH 3.6 

 

Appendix B.12. Standard curve of AUC vs. GA at pH 4.5 
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Appendix B.13. Standard curve of AUC vs. GA at pH 5.0 

 

Appendix B.14. Standard curve of AUC vs. GA at pH 5.5  

 

Appendix B.15. Standard curve of AUC vs. GA at pH 6.0 
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Appendix B.16. Trolox standard curve for the ABTS radical scavenging assay 

 

Appendix B.17. Trolox standard curve for the DPPH radical scavenging assay 
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Appendix B.18. Comparison of TPC values obtained using the Folin-Ciocalteu assay and TEAC 
values obtained with the ABTS radical scavenging assay. 

 

 

Appendix B.19. Comparison of TPC values obtained using the Folin-Ciocalteu assay and TEAC 
values obtained with the DPPH radical scavenging assay. 
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Appendix B.20. Comparison of TEAC values obtained using the ABTS and DPPH radical 
scavenging assays.  

Appendix B.21. Free enzyme kinetics  

[S]  
(mM) 

v 
(abs/sec) 

v 
(abs/min) 

1/[S] 
(1/mM) 

1/v 
(1/abs/min) 

0.005 0.00005 0.003 200 333.333 
0.01 0.0001 0.006 100 166.667 
0.1 0.0017 0.102 10 9.804 
0.2 0.0033 0.198 5 5.051 
0.4 0.0035 0.21 2.5 4.762 
1 0.004 0.24 1 4.167 
2 0.0041 0.246 0.5 4.065 
4 0.0043 0.258 0.25 3.876 
8 0.0042 0.252 0.125 3.968 
10 0.0041 0.246 0.1 4.065 

Appendix 22. Biosensor enzyme kinetics 

[S]  
(μM) 

v  
(μA) 

1/[S] 
(1/μM) 

1/v 
(1/μA) 

9.90 0.1405 0.1010 7.1174 

30.69 0.3845 0.0326 2.6008 

61.03 0.6335 0.0164 1.5785 

99.10 0.8705 0.0101 1.1488 

145.30 1.0505 0.0069 0.9519 

201.66 1.2005 0.0050 0.8330 

264.00 1.2705 0.0038 0.7871 

332.91 1.2905 0.0030 0.7749 

408.31 1.2705 0.0024 0.7871 

489.56 1.2205 0.0020 0.8193 
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Appendix B.23. The responses of the biosensor to injection of catechin, gallic and chlorogenic 
acid solutions. 

Concentration 
μM 

ΔI (μA) 

Catechin Gallic acid Chlorogenic acid 

19.80 0.0156 0 0.0028 
61.39 0.0485 0.0004 0.0080 
122.07 0.0824 0.0010 0.0150 
200.90 0.1099 0.0019 0.0220 
302.69 - 0.0034 0.0300 

 

 

 

A 

 

B 

 

  C  

Appendix B.24. The plot of signal vs. concentration of catechin (A), gallic acid (B) and 
chlorogenic acid (C) 
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Appendix B.25. The responses of the biosensor to injection of green tea and coffee samples with 
final concentrations as TPC content. 

Green tea Coffee 
TPC (μM GA) ΔI (μA) TPC (μM GA) ΔI (μA) 

55.76 0.0005 113.20 0.0092 
172.85 0.004 350.94 0.0357 
343.70 0.011 697.80 0.0586 
565.66 0.0166 1148.45 0.0689 
852.26 0.0208 1730.33 0.0739 

 

 

A B 

Appendix B.26. The response of the biosensor vs. total phenolic content concentration by 
injection of green tea (A) and coffee (B). 

 

Appendix B.27. BSA standard curve by Lowry assay. 
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