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CHAPTER I 

INTRODUCTION 

 

1.1 Motivation 

 

Microelectrode arrays (MEAs) have been used for the last three decades in 

the field of cellular biology as tools for probing electrophysiological activity either in 

vitro or in vivo. The preparation procedures of microelectrode arrays are not 

complicated but require very careful work and experiences. There are several basic 

approaches, such as dispersing sufficiently small particles of a conductive material in 

an insulator. These arrays are poorly defined electrochemically. Another approach 

involves coverage of the conductive electrode surface with a monomolecular, 

nonconductive Langmuir–Blodgett film and formation of conductive channels in the 

film by uniformly dispersing in it molecules of a suitable substance. Single-molecule 

electron and ion gate sites are thus obtained forming a random array.  Barton, et al. 

(2004) applied this approach to fabricate microelectrode arrays assisted by 

ultrasonication and entrapped glucose oxidase for the detection of glucose. Other 

published works also followed this technique to fabricate microelectrode arrays as 

biosensors for various substances. For example, Myler, et al. (2005) used alcohol 

oxidase to detect aqueous ethanol concentration; Law et al., (2005) as well as 

Pritchard et al., (2004) used acetylcholinesterase for determination of pesticides. 

Microelectrode arrays of this type were found to be able to determine substances at 

very low concentrations, for example, respectively down to 1×10
−17 

M, 1×10
−16

M, and 

1×10
−16 

M, for dichlorvos, Parathion, and Azinphos (Law et al., 2005). Moreover, 

these microelectrodes endured unique hemispherical diffusional profiles, and could 

impart stir-independence to sensor responses.  

Meanwhile, the emergence of nanoparticles is opening new horizons for 

highly sensitive electrochemical assays. By incorporation with nanoparticles (NPs), 

electrochemical sensors have shown great promises for the diagnosis of trace 

molecules because the nanoparticle-based amplification platforms and amplification 

processes have been reported to dramatically enhance the intensity of the 

electrochemical signal and lead to ultrasensitive assays (Du, et al., 2008). Gold, silver, 
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and other noble metal nanoparticles have been intensively studied for the past few 

decades due to their unusual optical, electronic and catalytic properties.  Gold 

nanoparticles were immobilized to provide a suitable microenvironment for 

biomolecules to retain their biological activity, and to facilitate electron transfer 

between the immobilized proteins and electrode surfaces (Lei, et al., 2003; Luo, et al., 

2005; Pingarron, et al., 2008). Furthermore, carbon nanotube (Korkut, et al., 2008; 

Zhu, et al., 2007) and silver nanoparticles (Du, et al., 2008; Xu, et al., 2004) were 

immobilized together with horseradish peroxidase (HRP) for a modified electrode. 

 Gold nanoparticles (Au) have been extensively applied for construction of 

biosensing devices due to their extraordinary properties which allow the success of 

enhanced biosensor performances (Orozco et al., 2009, Pingarrón et al., 2008, Njagi et 

al., 2007, Yin et al., 2009). The propitious properties of Au-NPs include the provision 

of favourable surfaces for stable enzyme immobilization, allowance of direct electron 

transfer between redox enzyme and electrode surface without the needs of electron 

mediators, provision of high surface-to-volume ratio for enzyme immobilization, and 

lessening enzyme-nanoparticles distance (Pingarrón et al., 2008). Thus, biosensors 

incorporated with Au-NPs have generally proved to be increased in their sensitivity, 

stability, and selectivity (Yin et al., 2009, Abdullin et al., 2009). 

Microelectrode arrays have been used in various type of enzyme such as 

glucose oxidase (Barton, et al. 2004), alcohol oxidase (Myler, et al. 2005), and 

acetylcholine esterase (Law et al., 2005 and Pritchard et al., 2004). Nevertheless, no 

publish reported horseradish peroxidase (HRP) immobilization in microelectrode 

arrays. Horseradish peroxidase (HRP) have been vastly used for phenolic compound 

due to their advantages such as good selectivity in the presence of phenol oxidases, 

relatively low cost of realization and storage, and the potential for miniaturization and 

automation (Korkut, et al., 2008). Horseradish peroxidase (HRP) based biosensors are 

most sensitive for a great number of phenolic compounds since phenols can act as 

electron donors for peroxidase (Yang, et al., 2006).  

In comparison with macroelectrode, microelectrode displayed lower current 

limit. Furthermore, microelectrode can work with small material concentrations 

(Zoski, G., 2007). For this project, the sonochemically fabricated microelectrode 

arrays with immobilized HRP based biosensors are proposed. Then the modified 
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microelectrode arrays by electrodepositing gold nanoparticle on electrode is compared 

in wish of more improving the current limitation. 

 

1.2 Objective 

 

1.2.1 To study the poly-phenylenediamine/ polyaniline/ HRP based 

microelectrode arrays biosensors.  

1.2.2 To study the Au nanoparticles/ poly-phenylenediamine / polyaniline/ 

HRP based microelectrode arrays biosensors. 

 

1.3 Research scopes 

 

Glassy carbon, Ag/AgCl2, and platinum are used as working, reference, and 

counter electrodes, respectively. 

 

1.3.1 The poly-phenylenediamine / PANI / HRP microelectrode arrays for 

phenol biosensor. 

 

1.3.1.1 Investigation of suitable fabricating conditions:  

1.3.1.1.1 Suitable of aniline concentration.  

1.3.1.1.2 Optimum of sonication time for pore formation. 

1.3.1.2 Physical characterization of microelectrode arrays 

1.3.1.2.1 Scanning electron microscopy (SEM) for surface 

characteristic. 

1.3.1.2.2 Atomic force microscope (AFM) for determine 

surface roughness 

1.3.1.3 Electrochemical analysis of microelectrode arrays 

1.3.1.3.1 Cyclic voltamogram is recorded  

1.3.1.3.2 Linear sweep voltammogram is determined 

1.3.2 The Au/ poly-phenylenediamine / PANI / HRP based microelectrode 

arrays biosensor. 
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1.3.2.1 Physical characterization of gold nanoparticle coated on poly-

phenylenediamine film. 

1.3.2.1.1 Scanning electron microscopy (SEM) for surface 

characteristic. 

1.3.2.2 Physical characterization of microelectrode arrays 

1.3.2.2.1 Scanning electron microscopy (SEM) for surface 

characteristic. 

1.3.2.3 Electrochemical analysis  

1.3.2.3.1 Cyclic voltamogram is recorded  

1.3.2.3.2 Linear sweep voltammogram is determined 

 

1.3.3 Comparitive study of the poly-phenylenediamine / PANI / HRP and 

Au/ poly-phenylenediamine / PANI / HRP microelectrode arrays. 

 

1.3.3.1 Electrochemical analysis 

1.3.3.2 Reusability of modified electrodes 
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CHAPTER II 

THEORETICAL BACKGROUND 

 

Since this research focus on a sonochemical fabrication of HRP 

microelectrode arrays for phenol detection, this chapter will include various 

theoretical topics involved. Chapter starts with the introduction about biosensor. 

Moreover, enzyme immobilisations as another core technology employed in this study 

along with its influential parameters are also focus in this chapter. Finally, the 

fabrication methods for microelectrode arrays are also detailed in this chapter. 

2.1 Biosensor 

 

Biosensors have been defined in many ways and have been described by 

Turner (1987): ‗A biosensor is a device incorporating a biological sensing element 

either intimately connected to or integrated within a transducer‘. The main 

components of a biosensor are the biological compartment, transducer, and signal 

processor, as shown in Figure 2.1.  The biological compartment is the partition which 

an interaction between the biological component and the substrate such as enzymes, 

antibodies and nucleic acid etc. The detection device is called transducer, which 

observes change into a measurable signal. And the signal process usually converted to 

a digital signal and passed to a microprocessor stage where the data is processed, 

converted to concentration units and output to a display device or data store.  

The important characteristics of a biosensor are selective, sensitive, and fast 

response. These requirements may depend mainly on bioreceptor which should 

contain excess amount of active enzyme.  Thus, essential features of desired carrier 

are: large surface areas and high pore volume to obtain high enzyme loading, small 

size that can be put in electrode easily, and biocompatible to achieve high activity and 

stability of enzyme without the maintain problem. Further, carriers should facilitate 

substrate to immobilised enzyme and electron transfer to transducer with fewer 

barriers to the analyst solution.  
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Figure 2.1 Schematic layout of a biosensor (Eggins, 1999). 

 

 

2.2 Electrochemical method 

 

An electrochemical is the method in which either current or potential is 

measured during an electrochemical reaction. This method the gas or liquid 

containing the trace impurity to be analyzed is sent through an electrochemical cell 

containing a liquid or solid electrolyte and in which an electrochemical reaction 

specific to the impurity takes place. There are four main types of electrochemical 

methods, potentiometry, voltammetry, coulometry, and conductimetry detection 

method. Firstly, the principles of electrochemistry are briefly informed.  

 

2.2.1 Potentiometry detection method 

 

This method is a detection method in which the potential of a cell is related to 

the concentration (activity) of a reactant which is a component of the cell fluid. The 

signal is measured as the potential difference (voltage) between the working electrode 

and the reference electrode. The working electrode's potential must depend on the 

concentration of the analyte in the gas or solution phase. Furthermore, the reference 

electrode is needed to provide a defined reference potential. 

 

 

http://en.wikipedia.org/wiki/Electrode
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2.2.2 Voltammetry detection method 

 

The common characteristic of all voltammetric techniques is that they involve 

the application of a potential (E) to an electrode and the monitoring of the resulting 

current (i) flowing through the electrochemical cell. The uniqueness of each rests on 

subtle differences in the manner and timing in which the potential is applied and the 

current measured. These differences can also provide very diverse chemical, 

electrochemical, and physical information, such as highly quantitative analyses, rate 

constants for chemical reactions, electrons involved on redox reactions, and diffusion 

constants. 

Cyclic voltammetry (CV) has become an important and widely used 

electroanalytical technique in many areas of chemistry. It is rarely used for 

quantitative determinations, but it is widely used for the study of redox processes, for 

understanding reaction intermediates, and for obtaining stability of reaction products. 

This technique is based on varying the applied potential at a working electrode in both 

forward and reverse directions (at some scan rate) while monitoring the current. For 

example, the initial scan could be in the negative direction to the switching potential. 

At that point the scan would be reversed and run in the positive direction can be 

performed. The response obtained from a CV can be very simple, as shown in Figure 

2.2. Cyclic voltammogram shows the anodic peak potential (Epa), anodic peak current 

(ipa) or oxidation current because the potential is scanned positively, anodic current 

occurs when the electrode becomes a sufficiently strong oxidant. When the scan 

direction is switched to negative for reverse scan, the electrode becomes a sufficiently 

strong reductant. This causes the cathodic peak potential (Epc), the cathodic peak 

current (ipc) or reduction current occurs. This oxidation peak will usually have a 

similar shape to the reduction peak. 

Furthermore, the linear sweep is another voltammetric method where the 

current at the working electrode is measured while the potential is swept linearly in 

time. Oxidation or reduction specie is registered as a peak or trough in the current 

signal at the potential that species begin to be oxidized or reduced. The potential 

sweep profile of which can be seen in Figure 2.3. 
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Figure 2.2 current-potential plot for cyclic voltammetry (http://www-

biol.paisley.ac.uk /marco/enzyme electrode/chapter1/cv.gif) 

  

 

 

Figure 2.3 potential-time plot for cyclic voltammetry 

(http://www. bath.ac.uk/- chsacf/solartron/Electro/html/dl.ht) 
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2.2.3 Coulometry detection method 

 

Coulometric method determines the amount of matter transformed during an 

electrolysis reaction by measuring the amount of electricity (in coulombs) consumed 

or produced. There are two basic categories of coulometric techniques. Potentiostatic 

coulometry involves holding the electric potential constant during the reaction using a 

potentiostat. The other, called coulometric titration or amperostatic coulometry, keeps 

the current (measured in amperes) constant using an amperostat. 

 

2.2.4 Conductimetry detection method 

 

The method use for measure conductance of a solution, using inert electrode, 

alternating current, and electrical null circuit thereby ensure no net current flow and 

no electrolysis. The concentration of ions in the solution is estimated from the 

conductance. 

 

2.2.5 Mass transport 

 

The transport of species between the electrode and solution is described the 

movement of a reactant or the product formed during an electrochemical reaction to 

and from an electrode surface. This transport can describe by three following 

significant processes which are diffusion, convection or migration (Wang, 2006). 

Convection is the physical movement in the solution this may occurred via 

stirring or hydrodynamic transport (Selkirk, 1997). It consists of both natural and 

forced convection. Natural convection is caused by thermal and/or density gradients 

and becomes significant at macro electrodes after approximately 10 s. Forced 

convection can take the form of stirring, pumping or bubbling gas through the 

solution and can be applied to swamp contributions from natural convection to make 

experiments over 10 s long more reproducible. 

Migration is known as the movement of a charged body under the influence of 

an electrical field (Brett & Brett, 1986). The mobility of the charged body is 

dependent on its charge and size, as well as the viscosity of the solution. Migration 

http://en.wikipedia.org/wiki/Electrolysis
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Coulomb
http://en.wikipedia.org/wiki/Electric_potential
http://en.wikipedia.org/wiki/Potentiostat
http://en.wikipedia.org/wiki/Current_(electricity)
http://en.wikipedia.org/wiki/Amperostat
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effects on the analyst of interest are usually lowered by adding electrolytes, the small 

ions of opposing charge which have the same relative mobility. 

Diffusion is described as the movement of species under the influence of a 

gradient of chemical potential, that is the concentration distribution (Brett & Brett, 

1986). If linear diffusion towards a planar surface is considered, then the movement, 

or flux (j), that a certain amount of material (C) undergoes through a unit distance (x) 

in one second can be described by Fick's first law, 

 

    𝐽 = −𝐷0
𝜕 𝐶 

𝜕𝑥
     (2.1) 

 

 

where 𝐷0, is a characteristic diffusion function of the material involved. In practice, it 

is more useful to consider the variation of concentration at a point as a function of 

time. This can predicted by use Fick's second law, 

 

    
𝜕 𝐶 

𝜕𝑡
= 𝐷0

𝜕2 𝐶 

𝜕𝑥2      (2.2) 

 

where 
𝜕 𝐶 

𝜕𝑡
 is the concentration in terms of position and time, and 

𝜕2 𝐶 

𝜕𝑥2  is the 

concentration gradient.  

However, to use these equations, the experimental conditions need to be 

defined. The Cottrell equation is easily used and defines the current density 𝑖, at a 

planar electrode containing excess electrolyte at constant temperature. This is shown 

in equation 2.3, where n is the number of electrons, 𝐹 is the Faraday constant, 𝐷 is the 

diffusion coefficient of species C, 𝐴 is the electrode area,  𝐶 ∞ is the concentration of 

C in the bulk solution and t is the time. 

    𝑖 = 𝑛𝐹𝐴𝐽 =
𝑛𝐹𝐴𝐷1 2  𝐶 ∞

 𝜋𝑡  1 2    (2.3) 
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2.3 Horseradish peroxidase for phenol detection 

 

Horseradish peroxidase is a monomeric glycoprotein with a molecular mass of 

44 kDa, purified from horseradish roots (Amoracia rusticana). It is a typical member 

of the plant peroxidases that catalyses the oxidation of a number of organic and 

inorganic compounds (the second substrate) with hydrogen peroxide or alkyl peroxide 

(the first substrate) (Sato et al., 1995). Horseradish peroxidase is of great importance 

for the determination of phenolic compounds in environmental control, protection and 

health benefits due to their toxicity and persistency in the environment (Yang et al., 

2006). Other applications of HRP include polymer synthesis especially for phenolic 

resin synthesis, diagnostic assays, nucleic acid analysis, biosensors, bioremediations, 

and other biotechnological processes (Liu et al. 2006). Reactions of the enzyme can 

be shown as follows (Rosatto et al., 1999):  

 

HRP (Fe
3+

) + H2O2    HRP (Fe
5+

) + H2O    (2.4)  

 

HRP (Fe
5+

) + AH2  HRP (Fe
4+

) + AH*    (2.5)  

 

HRP (Fe
4+

) + AH2  HRP (Fe
3+

) + AH* + H2O    (2.6)  

 

 

The first Eq. (a) represents a two-electron oxidation of the heme prosthetic 

group of the native peroxidase by H2O2. This reaction results in the formation of an 

intermediate, HRP (Fe
5+

) (oxidation state +5). In the next Eq. (b), HRP (Fe
5+

) loses 

one oxidizing equivalent upon one-electron reduction by the electron donor AH2 and 

forms HRP (Fe
4+

) (oxidation state 
+4

). In the third step (c), HRP (Fe
4+

) accepts and 4 

additional electrons from the electron donor molecule AH2 and the enzyme are 

returned to their native state (Ruzgas et al., 1996). 

 

2.4 Enzyme immobilisation 

 

There are many methods for enzyme immobilisation. The immobilisation 

method used has mark influences on the properties of immobilised enzyme: for 

example, activity, stability, deactivation, and regeneration. Thus, the selection of 

enzyme immobilisation strategy should be considered carefully. Various strategies 
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have been employed including physical adsorption, covalent binding, physical 

entrapment, and affinity methods (Andreescu, et al., 2008). Figure 2.4 illustrates the 

general approaches of several enzyme immobilisation methods. 

 

 

 

 

Figure 2.4 schematic representations of various enzyme (E) immobilisation  

                     strategies (Andreescu, et al., 2008) 

 

2.4.1 Physical adsorption 

 

Generally, physical adsorption is the easiest, inexpensive and the least 

denaturing immobilisation method. The procedure consists of simple deposition of the 

enzyme onto the support or electrode material. It does not involve additional reagents, 

sequential steps or enzyme modifications that could affect its activity. However, due 

to the fact that the binding forces involved are weak, the enzyme immobilised in this 

way is susceptible to pH, temperature, solvent and ionic strengths changes and does 

not provide increased enzyme activity and long-term operational and storage stability 
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2.4.2 Covalent bonding 

 

The attachment of an enzyme by covalent linkage consists of two steps. The 

first step involves activation of the material to provide useful chemical reactivity for 

subsequent binding of the biomolecule. Typically, this is achieved with bifunctional 

groups or spacers such as glutaraldehyde, carbodiimide/succinimide, self-assembled 

monolayers or multilayers (SAM) and aminopropyltriethoxysilanes. The second step 

consists of binding the enzyme to a chemically activated support. The chemistry 

involved in the immobilisation process depends upon the type of material used and its 

surface characteristics. This procedure has some advantages such as the increased 

stability of the enzyme due to the strong chemical binding, but has poor 

reproducibility, requires the use of large amounts of enzyme and the immobilised 

enzyme has relatively low activity due to the fact that the process can involve groups 

that are essential for its activity. 

 

2.4.3 Affinity Immobilisation 

 
Increasing efforts have been focused on the development of new and 

innovative techniques which can ensure controlled spatial orientation/conformation, 

without loss of enzyme activity during the immobilisation procedure. A recent trend is 

to create (bio) affinity bonds between an activated support and a specific group of the 

protein sequence. When these groups are not present in the native enzyme, they can 

be engineered at a specific location which does not affect the activity or the folding of 

the protein. The method is usually reversible facilitating the reuse of support matrix 

and provides stable enzyme attachment. In addition, it provides a basis for controlled 

and oriented immobilisation of the enzyme on different supports, opening the way for 

new approaches to enzyme immobilisation. 
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2.4.4 Entrapment 

 

One of the most convenient methods of enzyme immobilisation is by physical 

entrapment in an inert material. This method has some advantages over the other 

procedures such as mild conditions, easy one-step fabrication, low cost and high 

stability of encapsulated enzyme. The limitations of the method are diffusional 

barriers of the transport of substrate and/or product resulting in long response times, 

difficulties in controlling the pores dimensions and possible enzyme leaching.  

In some cases, the activity of the enzyme can be affected by the physical and 

chemical properties of the immobilisation matrix. The process, however, can be 

considered as general applicable for all enzymes. Examples of materials used for 

encapsulation include photopolymerisable polymers, chemically generated polymers 

(i.e., alginate, latex), electrochemically generated polymers (polypyrrole, polyaniline 

polyacetylene, polythiophene, polyindole), inorganic clays and sol-gels. In this 

process, enzymes can be immobilised together with activators or artificial mediators 

such as ferrocene, quinoline derivates, tetrathiafulvalene and organic salts that 

facilitate the transport of the electrons from the redox center of the enzyme to the 

surface of the electrode. This feature is particularly important for biosensing.  

 

2.5 Microelectrode arrays 

 

In case of the geometric dimensions of an amperometric electrode become 

progressively smaller, the behavior of the electrode begins to change from a large 

electrode which can be approximated by an electrode of infinite dimension. These 

differences are caused by changing conditions of the mass transport from the bulk of 

solution towards the electrode and have several important practical implications, such 

as a decreased ohmic drop of potential, fast establishment of a steady-state signal, a 

current increase due to enhanced mass transport at the electrode boundary, and 

increased signal-to-noise ratio. These effects make the small electrodes advantageous 

in many areas of electroanalytical chemistry. The application of small-size electrodes 

was further enhanced by increasing demands from analytical chemistry (e.g., the need 

for electrodes in miniature cells in detection for high-performance separations or in 
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electrochemical sensors) and biochemistry (in situ electroanalytical measurements on 

living organisms). 

These small-size electrodes have been called microelectrodes. The radius of 

microelectrodes are smaller than 50 µm different from conventional sized electrode 

(radius 1 mm or greater) (Zoski, G.,2007). In addition to single electrodes, 

microelectrode arrays have been prepared and used. Both experimental and theoretical 

works have demonstrated the advantages of such electrode assemblies, which result 

from specific mass transport of electroactive materials or diffusion regimes taking 

place at their interface such as, the microelectrodes in the arrays do not interact with 

each other. Arrays of microelectrodes exhibit higher signal-to-noise ratios than 

macroelectrodes. Lower current detection limits can be achieved. In this part, a basic 

discussion in fabrication microelectrode array is presented in the follow. 

2.5.1 Diffusion at microelectrode 

 

Diffusion at the macro-electrode surfaces can be a major problem with 

electrochemical sensors. This is due to the diffusion occurs at a much slower rate than 

convection (in the order of a million times slower). If a solution is stirred outside of a 

macroelectrode sensor, the measurable signal will fluctuate due to these variable 

convection rates. This problem can be overcome if the rate of diffusion is larger than 

the rate of convection. At microelectrodes the predominant mode of mass transport is 

also diffusion, but now the flux as a result of diffusion is very large. This is because 

the mass transport of electroactive species is varied from the normal linear diffusion 

that procures at large or planar electrodes, to a three-dimensional diffusion 

(hemispherical diffusion profile), and therefore the effects of convection tend to be 

less apparent than electrodes of conventional size. Figure 2.5 illustrates the diffusion 

profile to the surface of a hemispherical microelectrode compared to that of a planar 

electrode. 
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(a) (b) 

 

Figure 2.5 Diffusion profile to a macroelectrode (a) and a hemispherical 

microeleclrode (b) 

 

 

It can be seen that the diffusion gradient to the surface of the macroclectrode 

follows linear profile. In the case of a hemisphere of diameter, using the same 

boundary conditions as for linear diffusion, Cottrell has calculated the expression for 

the variation of current with time for a spherical electrode as in equation 2.7 

 

  𝑖 = 𝑛𝐹𝐴𝐽 = 𝑛𝐹𝐴𝐷 𝐶 ∞  
1

 𝜋𝐷𝑡  1 2 +
1

𝑟
         (2.7) 

 

where 𝑟 is the electrode radius. At the time of experiment is short, the plarnar 

diffusion is observed. The dependency of the current flow at hemispherical 

microelectrodes with time is greatly reduced at the longer time due to the small value 

of 𝑟. 

 

   𝑟 =  
 𝜋𝐷𝑡  1 2 

10
          (2.8) 

 

Flux of 

electroactive 

species 

Macroelectrode Microelectrode 
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This is presented the smaller the radius of the hemispherical microelectrode 

(𝑟), the more rapidly the effect of time (t) decreases and steady-state current is 

obtained much sooner. Therefore, in the case of microelectrode the equation 2.7 

becomes equation 2.9. 

 

   𝑖 =
𝑛𝐹𝐴𝐷  𝐶 ∞

𝑟
= 2𝜋𝑛𝑟𝐹𝐷 𝐶 ∞      (2.9)  

 

As a consequence of their small size and enhanced diffusion, microelectrode 

exhibits a modified form of the cyclic voltammogram as shown in Figure 2.6. The 

resulting current due to reduction or oxidation of an electroactive species exhibits a 

sigmoidal-shaped response. This sigmoidal shape is characteristic of a microelectrode 

observed under entirely quiescent conditions. The steady-state limiting current 

observed (at the microelectrode plateau region in the curve) may be directly related to 

the concentration of the electroactive species, making it extremely useful for 

determining the concentration of analytes in liquid, solid, and even gas phases. 

 

 

 

 

Figure 2.6 Characteristic sigmoidal shaped cyclic voltammogram for a reversible 

electron transfer reaction at a microelectrode. 

 



34 
 

 

For microelectrode array, the total measured current can be increased whilst 

retaining the particular properties of single microelectrodes with respect to high 

concentration gradients. The total response of this array of electrodes will depend on 

the spacing between the individual elements of the array. If the elements are spaced 

sufficiently far apart, the total response will be the sum of the responses of the 

individual electrodes (Aoki & Osteryoung, 1981, Caudill et al., 1982). However, if the 

spacing is sufficiently small such that the diffusion layers overlap as steady-state is 

approached, the total response will be less than that predicted by the sum for each. 

The diffusion profile of microelectrode arrays is displayed in Figure 2.7. To obtain 

optimum properties, well defined diffusion characteristics have to be established, 

depending on the electrode radius, their spacing and geometrical arrangement. In the 

case where electrodes are closer together, the system will initially behave in the same 

way as it would with larger spacing. However, as the diffusion layers begin to move 

towards equilibrium, the individual diffusion shells begin to overlap and cause a 

reduction in the hemispherical diffusion of material to the electrode surfaces. This 

effect is dependent on electrode size, density and distribution and in extreme cases 

may result in the sensor array behaving like a macroelectrode electrode of the same 

area (Zoski, 2007). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic representation of diffusion at a microelectrode array. 

 

Diffusion layer 
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2.5.2 Fabrication of microelectrode arrays 

The method for fabrication microelectrode arrays have been divided which 

depending on the type of array required (Zoski, 2007). Four different fabrication 

methods for microelectrode array are detailed in this part which is template, etching, 

lithographic and mechanical methods. 

2.5.2.1 Template approaches 

The template method entails within the cylindrical and monodisperse pores of 

membrane or other porous material. One of the applications of the template method is 

electrochemical plating method. The gold nanorods were synthesized using template-

growth electrochemical deposition method and deposited on a flat Au-coated stainless 

steel plate as the working electrode for cyclic voltammetry (Lin, et al., 2008). Gold 

nanorod arrays were grown inside commercial polycarbonate (PC) membrane 

templates (100 nm pore channel size) with the assistance of an electric field according 

to the electrochemical deposition method (ECD). Moreover, Foyet et al. (2007) 

prepared Zn-Ni alloy nanorods by using anodic aluminium oxide and the hexagonal 

phase of lyotropic liquid crystals containing zinc and nickel ions. The combination of 

the hexagonal phase of a liquid crystal and the alumina membrane (double template 

deposition) leads to the reduction of size of the nanorod. Figure 2.8 shows the 

structures of zinc–nickel alloy nanomaterials prepared by double template method.  

                              
(a)          (b) 

Figure 2.8 The 3D AFM micrograph of anodic aluminum oxide (AAO) membrane (a)  

  and Zn–Ni alloy nanorods obtained from aqueous bath (b) (Foyet, et al., 

2007) 
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2.5.2.2 Etching technique 

 

This method is the subtractive and/or additive processes, where material is 

removed/added to a selective manner. The way of removing material for construction 

of microelectrode array is through etching. The subtractive etching techniques are wet 

etching, electrochemical etching, laser machining, ultrasonic drilling and mechanical 

method (Zoski, G.,2007). Microelectrode arrays can be fabricated using a chemical 

etching technique originally developed for sharpening tips of optical fibers in near-

field optical microscopy. The chemical sharpening process, termed meniscus etching, 

utilizes surface tension force at the glass-etchant interface. The process is 

schematically illustrated in Figure 2.9. Glass probes are immersed into HF-based 

etchant. An organic layer, such as vegetable oil, is added on top of the etchant to 

modify contact angle at the glass etchant interface. The etchant wets the surface of the 

probes and gradually reduces their dimensions. The surface tension force at the glass-

etchant interface reduces with the diminishing dimensions, forcing the height of the 

meniscus to decrease with time until the etching front reaches the center of the probe 

and a sharp tip is formed. The process is self-terminating. The balance of the two 

opposing forces, the surface tension and the weight of the etchant, determines the 

final tip geometry. Probe spacing and organic layer composition can modify the 

contact angle at the glass-etchant interface, and consequently the final tip geometry( 

Lee, et al., 2006 ). 

 

 
 

 

Figure 2.9 Fabrication of microelectrode array tips using meniscus etching. The 

etchant wets of the probes the surface (a) and (b) gradually reduces their dimensions 

(c) the etching front reaches the center of the probe and a sharp tip is formed. 
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2.5.2.3 Lithographic method 

 

Lithographic method has the advantage of being highly controllable and 

reproducible over mechanical and template approaches. Fabrication of highly 

sophisticated electrode geometries is a possibility that has been utilized only to a 

limited extent so far. Lithography is a technique that transfers a copy of a master 

pattern onto the surface of a solid material, such as a silicon wafer.  

Microelectrode arrays which are prepared in a very simple way by dispersing 

sufficiently small particles of a conductive material (usually a very fine graphite 

powder) in an insulator are poorly defined microelectrode array. The well-defined 

arrays are now almost exclusively prepared by photolithography. Konry et al. (2008) 

fabricated a micro-patterned structure of conductive polymer, poly(pyrrole-

benzophenone), on indium tin oxide (ITO) glass chips for the subsequent photo-

immobilisation of various bioreceptor antigens. From this method showed 

homogeneous and compact structures of the polymer (Figure 2.10) application.  

 

 

 
 

Figure 2.10 The SEM analysis of the array film of conductive polymer, poly(pyrrole-

benzophenone), on indium tin oxide ITO (Konry et al. 2008) 



38 
 

2.5.2.4 Mechanical methods 

The variety techniques have been used for fabrication microelectrode array by 

mechanical method. Such as, wire technique, sandwich method, the formation of 

composition and sonochemical fabrication. In this research is focused on 

sonochemical method. There are many researches described the sonochemical method 

for microelectrode arrays fabrication. Barton et al. (2004) described a novel 

sonochemical fabrication approach for the production of microelectrodes, which lends 

itself to the mass production of sensor arrays. A novel and patented procedure was 

described for the sonochemical fabrication of a new class of microelectrode array 

based sensor with electrode element populations of up to 2 × 10
5
 cm

−2
. Biosensors 

formed by sonochemical approach offer unrivalled sensitivity and impart stir 

independence to sensor responses. Furthermore, the modified electrode was studied 

by Myler et al. (2005). Upon coating the working electrode with the insulating 

polymer polydiaminobenzene, microelectrode arrays were fabricated via a 

sonochemical fabrication; these arrays again displayed true stir-independent 

responses. The sonochemical fabrication method has been extensively reported with 

glucose oxidase (Myler, et al.,2004), alcohol oxidase (Myler et al. 2005), and 

acthylcholenesterase (Pritchard, et al., 2004). This research represented high 

microelectrode population density and low limits of detection (Law et al., 2005). 

In this research, the sonochemically fabrication method is used for HRP 

microelectrode arrays. Even this method make poorly defined microelectrode arrays, 

and less reproducibility, it is easy to fabrication and widely used for enzyme 

immobilisation. 

2.5.3 Sonochemistry 

The properties of ultrasound offer great potential to a wide range of 

applications. Most modern ultrasonic devices rely on transducers, composed of 

piezoelectric material, which respond to the application of an electrical potential with 

a change in dimension (the inverse of the piezoelectric effect). If the potential is 

alternated at high enough frequencies, the vibration of the transducer will generate 

sound in the ultrasonic frequency range.  

2.5.3.1 Applications of ultrasound 
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Cavitational phenomena created by the application of ultrasound to a liquid 

mediumhave been exploited for cleaning purposes, the most widely used application 

of ultrasound. Ultrasonic cleaning is particularly efficient in removing surface 

contaminants such as dirt or bacteria. Large crates used in the food industry and 

surgical equipment are typical objects cleaned in this way (Kuttruff, 1991). In the 

food industry, ultrasound can be used for mixing, tenderizing, ageing emulsifying, 

cutting and even thawing. Sterilisation of milk can be achieved by the action of sound 

waves on micro-organisms found in it while the emulsion bases for sauces such as 

ketchup and mayonnaise can be prepared using ultrasound.  

Ultrasound is used in the medical field for other purposes other than cleaning. 

For example, sound waves can be used for the diagnosis of a number of heart defects, 

fetal monitoring within pregnancy and also medical imaging of tumours. For such 

purposes high frequency ultrasonic waves are applied so as to minimise damage to 

tissues and organs. Lower frequency waves have been shown to remove kidney stones 

by cavitation (Leroy, 1994), as well as cancer cells (Shuqun et al, 2000) and blood 

clots (Shlamovitz et al, 2003), in the new field of medicine termed therapeutic 

ultrasound. Finally, gene therapy can be carried out with the use of ultrasound since 

under certain conditions the latter can cause a transient permeability of cell 

membranes thus allowing large molecules to enter the cell (Miller, 1999). 

Sonochemistry itself incorporates many specific uses of ultrasound. These 

include environmental protection (Yim et al., 2002, Theron et al., 2001), materials 

science (Xia et al., 2001; Ding et al., 2002) including new catalytic materials, 

improved extraction, crystallisation, and new methods in polymer technology, 

electrochemistry (Walton & Phull, 1996; Klima et al, 1994) providing improvements 

in plating electrosynthesis, electroanalysis, and biotechnology such as the 

modification of enzyme and whole-cell activities (Sasaki et al., 2001).  
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2.5.3.2 The principles of ultrasound 

In solid materials, atoms can vibrate in any direction creating transverse 

waves, perpendicular to the direction of travel. When the frequency and amplitude of 

the longitudinal wave becomes sufficiently high, the rarefaction stage causes the 

molecules of a liquid (such as water) cavitates to form a bubble. This cavity will grow 

in size over a few cycles taking in some of the vapor or gas from the medium.  The 

bubble growth will continue until an equilibrium size is reached which matches the 

frequency of the bubble resonance, a parameter controlled by the applied frequency of 

sound (Figure 2.11). However, the acoustic field experienced by an individual bubble 

is not stable because of the interference caused by other bubbles forming and 

resonating around it. The result is that some bubbles suffer sudden expansion to an 

unstable size and collapse violently. The violent collapse of these bubbles generates 

large shear forces, which can be used for mixing and particle dispersion. In the 

collapsing bubble itself, high energies and pressures are generated. Many theories 

exist to explain the energy release involved in cavitation, but the most understandable 

in a qualitative sense is the `hot-spot' approach (Suslick et al., 1986) which explains 

that heat is generated from the rapid compression of gases and vapours.  

 

 

 

Figure 2.11 The development and collapse of cavitation bubbles 
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The dynamics of cavity growth and collapse is very different in the cavitation 

near a solid-liquid interface. When a bubble collapses near a surface, bubble collapse 

is no longer symmetrical. The presence of a solid surface hinders the movement of 

liquid from that side, and so the majority of the liquid enters the bubble from the 

opposite side (Figure 2.12). The result is that a jet of liquid is effectively targeted 

towards the solid surface at speeds in excess of 100 m/s (Leighton, 1998). 

 

 

Figure 2.12 Cavitation bubble collapse near a solid surface 
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CHAPTER III 

LITERATURE REVIEW 

 

 

The development of enzyme biosensors has been extensively studied due to its 

broad application in industrial, pharmaceutical, food and environmental analysis. In 

case of the determination of phenolic compound, electrochemical techniques 

especially amperometric biosensors have been considered advantageous due to their 

high sensitivity, simplicity, and easy to be miniaturization. In this chapter, literature 

concerning the horseradish peroxidase (HRP) based biosensor is demonstrated in the 

first part. Moreover, the study of microelectrode array for enzyme biosensor was 

detailed in the second part. 

 

3.1 Horseradish peroxidase (HRP) enzyme biosensors 

 Horseradish peroxidase (HRP) proved to be suitable for many practical 

applications such as the determination of phenol, which is often involved in the 

elimination of phenolic compounds (Mello et al., 2003, Munteanu et al., 1998, 

Munteanu et al., 1998). Furthermore, HRP affinity for hydrogen peroxide allowed the 

development of many electrodes or amperometric biosensors for the detection of 

hydrogen peroxide, either using direct or mediated electron transfers (Zhang et al., 

1996, Cosnier et al., 1995). In this research modified HRP based microelectrode 

arrays by using the phenol as the model reaction. Hence, the phenol detection 

mechanism should be briefly described. 

The HRP enzyme mechanisms for phenol detection are mediator electron 

transfer and direct electron transfer. Rosatto et al., (1999) studied immobilization of 

HRP on silica gel modified with titanium oxide for phenol detection. They found that 

the enzymatic mechanism involved in peroxidase based biosensor for phenol 

detection consists in the oxidation of native HRP (Fe
3+

) by hydrogen peroxide (Figure 

3.1) and become HRP (Fe
5+

). Then HRP (Fe
5+

) accepts one-electron from the electron 

donor which is phenol or Mred and forms HRP (Fe
4+

). Then HRP (Fe
4+

) accepts one-

electron from the electron donor or Mred again and forms native HRP (Fe
3+

). In each 

step of HRP (Fe
5+

) changing to HRP (Fe
3+

), Mred get one-electron each from an 
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electrode. In this step, the reduction current is occurring and proportional to the 

phenol concentration in the solution (Ruzgas et al., 1995). Nevertheless, peroxidase 

can also do the direct electron transfer (Figure 3.2) between the enzyme itself and the 

electrode. Direct electron transfer is similar to mediator electron transfer, but in this 

case HRP (Fe5+) accepts directly two electrons from the electrode 

 

 

 

 

 

 

 

Figure 3.1 Mechanism of mediated electron transfer at HRP modified carbon paste   

                  electrode. Mox and Mred are the oxidised and reduced forms of the  

                  mediator, respectively (Rosatto et al., 1999). 
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Figure 3.2 Mechanism of the direct electron transfer between HRP and base        

     electrode (Rosatto et al., 1999). 

 

 

3.1.1 HRP immobilization method for biosensor application 

The immobilization method has significant influence on the properties of 

immobilized enzyme such as, activity, stability, deactivation, and regeneration. There 

are different methods to immobilize HRP such as covalent immobilization,  (Jun Chen 

et al.,2006) entrapment (Li et al., 2008), and cross-linking (Rosatto et al., 1999) 

method. Furthermore, to improve sensitivity and compartibility of biosensors, the 

immobilization of enzymes on nanomaterial is very promising concept. Example of 

nanoparticles used for enzyme immobilization include carbon nanotubes (Rivas et al., 

2007), gold (Yi et al., 2000), and silver nanoparticles (Kim et al., 2004). In the 

following section, the HRP enzyme immobilization comprehends with polymer and 

nanoparticle has been reported. 
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3.1.1.1 Physical Adsorption 

This technique is very simple and minimal preparation rarely research 

describes about this method. In the case of HRP biosensors, Ruzgas et al. (1995) 

studied the modified electrode with HRP on graphite electrode. The population of 

adsorbed HRP molecules and/or the graphite surface structure could not be treated as 

homogeneous. It was found that 42% of the total amounts of HRP molecules adsorbed 

on the electrode were accessible for direct unmediated electron transfer from the 

graphite electrode. This method is only suitable for work over a short time span and 

sensitive in changing pH, temperature, and ionic strange. 

 

3.1.1.2 Covalent bonding 

This technique is the formation of covalent bonds between the enzyme and the 

support matrix. Enzyme and support surfaces bind together with the chemical linkers 

containing functional groups, such as amino, carboxyl, or sulfhydryl. Caramori et al. 

(2004) immobilized HRP on poly(ethylene terephthalate)–poly(aniline) composite. 

The composite was synthesized by submitting polyethylene terephthalate (PET) plates 

to hydrazinolysis treatment, followed by polyaniline (PANI) synthesis over the PET 

surface. The treatment was revealed reactive groups on the PET and resulting in 

different reactive groups for HRP bonding. Hwa-Jung et al. (2008) immobilized HRP 

on the surface of poly(Th-co-EpoxyTh) by covalent bonding. Even though this 

method demonstrated a high sensitivity, its stability has yet to be improved.  

Furthermore, the covalent bonding immobilization method is usually performed under 

mild conditions such as low temperature and low ionic strength. These cause of 

limitation of biosensor application. 

3.1.1.3 Entrapment 

In this method, the enzyme is mixed with a monomer solution, which is then 

polymerized to a gel matrix. The most common polymers used to form the gels can be 

either natural organic polymers or synthetic polymers such as the immobilization 

of HRP, into Poly3,4-ethylenedioxy thiophene (PEDT) which are a conductive 

polymer films (Jun Chen et al., 2006). This immobilization process described a great 
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potential to achieve high density enzyme containing polymers for the development of 

stable biosensors. In addition, Li et al. (2008) experimented for fabrication of 

hydrogen peroxide biosensor, which had been developed by entrapping HRP enzyme 

in chitosan/silica sol-gel hybrid membrane. But this method created large barriers, and 

inhibiting the diffusion of substrate. There was also a loss of enzyme activity through 

the pores of the gel.  

 

3.1.1.4 Cross-linking 

In this method, Enzymes can be immobilized by cross-linking among 

themselves to form particles. The most popular cross-linking reagents used are 

glutaraldehyde (Rosatto et al., 1999, Wang et.al, 2009), dimethyladipimidate 

(Besselink et al 2003), and dimethyl suberimidate (Bouvrette et al., 1997)). For 

example, the HRP enzyme was immobilized on modified silica gel surface by 

adsorption together with cross-linking using glutaraldehyde by using modified carbon 

paste electrode (Rosatto et al., 1999). Furthermore, Rosatto et al. (2002) repeated their 

study in the HRP immobilization by cross-linking method which used SiO2/Nb2O5 as 

an immobilization support. It was found that, immobilization was possible without 

glutaraldehyde addition but with its present, the system noise was lower. Wang et al. 

(2009) investigated hydrogen peroxide biosensor, which was constructed by cross-

linking between HRP and polyaniline using glutaraldehyde as a cross-linking agent. 

Wang et al. (2005) developed the HRP biosensor by sandwich configuration: 

ferrocene-chitosan: HRP: chitosan-glyoxal. The biosensor surface was cross linked 

with glyoxol (Figure 3.3). The fabrication procedure was systematically optimized to 

improve the biosensor performance. The biosensor had a fast response of less than 10 

s to H2O2, with a linear range of 3.5×10
-5

 to 1.1×10
-3

 M, and a detection limit of 

8.0×10
-6

 M.  Even though this method is useful for stabilizing adsorbed biomaterial, it 

causes damage to enzyme, limits diffusion of substrate, and poor rigidity (Brian, 

1996). 



47 
 

 

Figure 3.3 The chitosan film cross-linked with glyoxal diagram  

                               (Wang et al., 2005) 

 

3.1.2 Polymer for HRP biosensor 

 

In order to immobilize enzymes on electrode surfaces, polymer film are 

needed. Both conducting and non-conducting polymers have been widely studied for 

enzyme immobilization for sensor applications. In this part, polymers which are used 

for HRP biosensor will be detailed. 

 

3.1.2.1 Conductive polymer 

 

The electro-polymerization of the conducting monomers has been studied 

extensively for the construction of biosensors, because the prepared conducting 

polymers have excellent electrocatalytic properties and rapid electron transfer ability. 

Also, the conducting polymers permit the transfer of charges to produce 

electrochemical signals between the electrode and the incorporated biomolecules. For 

biosensor applications, the conducting polymers are often functionalized with 

carboxyl, amino, aldehyde, or succinimidyl carbonate groups, or conjugated directly 

with various electronic mediators or bio-recognizable molecules to facilitate 

immobilization (Guimard et al., 2007). 

Abundant researches proposed various types of conductive polymers for HRP 

biosensors. Thanachasai et al. (2002) fabricated HRP into poly(pyrrole-co-[4-(3-

pyrrolyl)butanesulfonate]) (Py-PS) copolymer film deposited on an SnO2 electrode 

surface by electropolymerisation. In this study, the comparison between the HRP/Py-

PS electrode and HRP-incorporated polypyrrol (PPy) electrodes which were prepared 

under similar condition were determined. The HRP/Py-PS electrode retained 60% of 
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initial response (100%), while the HRP/PPy electrode almost completely lost activity. 

Moreover, the HRP was incorporated into the carbon nanotube (CNT)/ polypyrrole 

(PPy) nanocomposite matrix (Korkut et al. 2008). The eighteen phenolic compounds 

were detected by CNT/PPy/HRP nanobiocomposite film electrode in this case. The 

biosensor exhibited low detection limit with short response time for testing. 

Not only polypyrrole that was used for HRP biosensor, the synthesis of the 

polythiophene with carboxylic acid groups in order to immobilize HRP via the 

copolymerization of thiophene and 3-thiopheneacetic acid in acetonitrile was 

researched (Kim et al., 2007). In this study, the amounts of HRP on the surface of 

polythiophene electrode with carboxylic acid groups are very low. Afterward, Kim, et 

al., 2008 describe the utility of film of poly(thiophene-co-epoxythiophene) (poly(Th-

co-EpoxyTh)) immobilized with HRP through covalent bonding as sensor electrode. 

The HRP-immobilized poly(Th-co-EpoxyTh) electrode showed linearity from 0.1 to 

30 mM H2O2, good reproducibility, and long life time. In addition, the electroactive 

polymer, polyaniline (PANI), which undergoes redox cycling, and can couple 

electrons directly from the enzyme active site, to the electrode surface. The HRP was 

immobilized onto the carbon paste electrode modified with a layer electrodeposited 

PANI (Morrin et al., 2003). Mathebe et al. (2004) prepared an amperometric 

biosensor by the deposition of HRP enzyme on PANI doped platinum disk electrode. 

The PANI film was electrochemically deposited on the electrode. Furhermore, the 

hydrogen peroxide biosensor was composed by cross-linking between HRP and 

PANI. The PANI synthesized in a solution containing ionic liquid, 1-ethyl-3-

methylimidazilium ethyl sulfate, was an electroactive polymer at pH over 6. From 

these researches, numerous conductive polymers were presented. The 

electrodeposition polymerization of polymers was popularly used. Furthermore, 

others conductive polymers which used for HRP biosensor and the polymerization 

methods are shown in Table 3.1. 
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Table 3.1 Examples of polymer for HRP immobilization biosensor 

Type of polymer Polymer 

Polymerization 

method Reference 

conductive polymer Poly{pyrrole-co-[4-(3-pyrrolyl) Electropolymerisation 

Thanachasai et al. 

(2002) 

  butanesulfonate]}( Py-PS)     

        

  Polyaniline (PANI) Electropolymerisation 

Mathebe et al. 

(2004)  

      Morrin et al. (2003) 

        

  Polypyrrole (PPy) Electropolymerisation Li, G. et al. (2007) 

      Korkut et al. (2008) 

        

        

  Polythiophene Electropolymerisation Kin et al. (2007) 

        

  Poly(thiophene-co-epoxythiophene)  Electropolymerisation Kim et al.(2008) 

        

  Poly(l-lysine)  Chemical polymerization 

Ngamna O. et 

al.(2005) 

        

  Poly(3,4-ethylene-dioxythiophene)- Colloidal dispersion 

Asberg P. et al. 

(2003) 

  poly(styrene sulfonate)     

        

  1-butyl-3methyl-imidazolium Entrapment Lu X., et al. (2006) 

  tetrafluorobonate     

        

non-conductive 

polymer 3-aminophenol Electropolymerisation 

Nakabayashi et al. 

(2000) 

        

 

Chitosan Cross-linking Xu et al. (2006) 

      Li (2008) 

    Entrapment Lu X., et al.(2006) 
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Since described before that polyaniline or PANI is one of the most widely 

used, this research would applied the polyaniline for enzyme microelectrode arrays. 

The chemical structure of aniline is displayed in Figure 3.4. 

 
 

 

Figure 3.4 The chemical structure of aniline 

 

 

 

3.1.2.2 Non-conductive polymer 

 

In this part, the researches which described non-conductive polymers for HRP 

biosensor are detialed. Nakabayashi et al., (2000) reported the used of non-conductive 

polymer, 3-aminophenol for HRP immobilization. In this case, ferrocene was used as 

an electron-transfer mediator, which was coated with electropolymerized film of 3- 

amonophenol. The growth of non-conductive polymer is self-limiting, and 

consequently the films tend to be very thin (10-100 nm.). Furthermore, Chitosan 

which is biopolymer have been used for HRP enzyme biosensor. Chitosan has been 

found to be an interesting biopolymer for immobilization of desired biomolecules 

because of excellent film-forming ability, high permeability, mechanical strength, 

nontoxicity, biocompatibility, low cost, and easy availability. With its attractive 

properties, chitosan has received much attention as the material for design of modified 

electrodes. In the study of Xu et al. (2006), the results exhibited the presence O-

carboxymethyl chitosa in silica sol–gel for HRP immobilization. The film would not 

crack. When there was no CMCS, the response time for analytic substrate became 

longer and no more enzyme activity was retained. Therefore, the presence of CMCS 

provided friendly surroundings for the immobilization of enzymes. Additionally, 
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chitosan was used for co-immobilizing mediator and enzyme (Li et al., 2008). The 

biosensor which used chitosan for enzyme immobilization exhibited high stability, 

lower detection limit and better reproducibility and stability.  

 

3.1.3 Particles for HRP biosensors 

 

The development of nanostructured materials for biosensor is currently 

becoming an emerging area of research (Andreescu et al., 2008). The uniqueness of 

these materials is due to their electrical, optical, and magnetic properties which offer 

distinctive prospects for designing powerful biocatalytic systems. Electrochemical 

biosensors have been fabricated from mostly metallic nanoparticles which are capable 

to provide better analytical characteristics in terms of sensitivity, selectivity, 

reliability, ease of fabrication and use and lowcost. Metal nanoparticles based 

electroanalysis has been reviewed by Santos D et al., 2002. The nanoparticles such as 

gold (Yi et al., 2000,  Lin et al., 2007, Xu et al., 2007), silver (Welch et al., 2005, Wu, 

et al., 2006), and carbon nanotube (Rivas et al., 2007) were used for HRP enzyme 

biosensors are illustrated below. 

 

3.1.3.1 Gold nanoparticles 

The ability of gold (Au) nanoparticles to provide a stable immobilization of 

biomolecules is a major advantage for the preparation of biosensors. Furthermore, 

gold nanoparticles permit direct electron transfer between redox proteins and bulk 

electrode materials, thus allowing electrochemical sensing to be performed with no 

need for electron transfer mediators (Pingarron et al., 2008). In the terms of HRP 

biosensors, gold nanoparticles were rarely reported. 

Peroxidase biosensors based on self-assembled monolayer (SAM) modified 

electrodes have been reported to be fabricated using gold nanoparticles. For example, 

The Au colloids on a cysteamine monolayer on the gold electrode surface were used 

to study the direct electron transfer of immobilized HRP. This biosensor exhibited an 

excellent electrocatalytic response to the reduction of H2O2 without  the need of an 

electron mediator (Yi et al., 2000). Recently, a disposable pseudomediatorless 
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amperometric biosensor was fabricated for H2O2 determination by modification of an 

indium–tin oxide (ITO) electrode with (3-mercaptopropyl) trimethoxysilane. The 

stable nano-Au-SH monolayer was prepared through covalent linking of gold 

nanoparticles and thiol groups on the ITO surface. HRP and tetramethyl benzidine, as 

the electron transfer mediator, were finally coentrapped by colloidal gold 

nanoparticles. The results showed that the AuS monolayer not only could steadily 

immobilize HRP but also efficiently retain HRP bioactivity ( Lin et al., 2007). Gold 

nanoparticles have also been self-assembled to hollowporous thiol-functionalized 

poly(divinylbenzene-co-acrylic acid) nanospheres. An HRP biosensor was prepared 

by chemisorbing gold nanoparticles onto the thiol groups of nanospheres and enzyme 

immobilization on the gold nanoparticles surface (Xu et al., 2007).  

 

3.1.3.2 Silver nanoparticle 

Silver nanoparticles have advantageous properties to improve the character of 

the biosensor, such as the metallic properties, which can enhance the electron 

conductivity and adsorb the enzyme by the interaction between the enzymes and 

silver nanoparticles. Furthermore, silver nanoparticles may facilitate more efficient 

electron transfer than gold nanoparticle in biosensor (Xu et al, 2004). However, there 

were a few reports for HRP biosensor which incorporated with silver nanoparticle. 

The examples of silver modified electrodes are electrochemical detection of 

hydrogen peroxide using an edge-plane pyrolytic-graphite electrode (EPPG), a glassy 

carbon (GC) electrode, and a silver nanoparticle-modified GC electrode (Welch, et 

al., 2005). The limit of detection for this modified nanosilver electrode was 2.0 x10
-6

 

mol L
-1

 for hydrogen peroxide in phosphate buffer (0.05 mol L
-1

, pH 7.4) with a 

sensitivity which is five times higher than that observed at a silver macroelectrode. Xu 

et al. (2004) reported the horseradish peroxidase (HRP), mediator methylene blue 

(MB), nanosized silver particles and sol–gel solution are mixed and coated on the 

surface of glass carbon (GC) electrode to get the biosensor. The silver nanoparticles in 

the sol–gel film can adsorb the enzyme molecules and improve the sol–gel film 

conductivity. The biosensor has a high sensitivity, quick response to H2O2 and good 

stability. Furthermore, the Silver–DNA hybrid nanoparticles with controlled 
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dimension were reported by Wu et al. (2006). The hybrid nanoparticles showed a 

narrow size distribution and a favorable catalytic ability to reduction of hydrogen 

peroxide and dissolved oxygen, which were related to the DNA concentration in 

deposition solution and the deposition time. The modified electrode obtained showed 

a linear response to hydrogen peroxide concentration.  

 

3.1.3.3 Carbon nanotube 

 

The nature of the electrode is very important for the electrochemical 

transduction process. In this sense, CNTs represent an important alternative for the 

transduction event due to their excellent electronic properties. In fact,  in recent years 

we have witnessed the development of highly sensitive and selective electrochemical 

biosensors based on the use of carbon nanotubes (Rivas et al., 2007).  

A highly sensitive biosensor for phenols and catechols was obtained by 

incorporation of polyphenol oxidase within carbon nanotubes paste electrodes 

(CNTPE). The response for dopamine was 12-fold more sensitive than at polyphenol 

oxidase (PPO) within carbon paste electrode (CPE–PPO) (Rubianes et al., 2005). 

Qian and Yang (2006) proposed a hydrogen peroxide biosensor obtained by cross-

linking of HRP on a multiwalled carbon nanotubes-chitosan (MWCNT–CHIT) 

composite film modified glassy carbon electrode (GCE). Furthermore, they reported 

the sensitive and selective determination of hydrogen peroxide based on the use of a 

GCE modified with a MWCNT/chitosan dispersion cross-linked with horseradish 

peroxidase by glutaraldehyde.  Another strategy reported by Lin et al. (2006) was the 

development of a novel nanobiocomposite material through the immobilization of 

multiwall carbon nanotube (MWCNT), nafion and heme proteins on a choline-

modified GCE. The immobilized proteins present activity of peroxidase working on 

the electrocatalytic reduction of oxygen, hydrogen peroxide, nitric oxide, among 

others. Chen and Lu (2007) proposed a hydrogen peroxide biosensor through the 

encapsulation of hemoglobin in a composite film of previously oxidized CNT.  

 

 

 



54 
 

3.2 Microelectrode arrays 

 

Microelectrode arrays (MEAs) have been used for the last three decades in the 

field of cellular biology as tools for probing electrophysiologic activity either in vitro 

or in vivo. The availability and development of microelectromechanical systems 

(MEMS) techniques has made possible the fabrication of three dimensional structures 

which add spatial resolution and cell development control arrays of microelectrodes 

exhibit higher signal-to-noise ratios than macroelectrodes and lower current detection 

limits can be achieved. This part describes about the different types of microelectrode 

arrays (random, ordered, and three dimensional) is shown.  

 

3.2.1 Classification of microelectrode arrays 

The individual electrode in an array may have different designs such as 

random or ordered arrangement. There exists in the literature a variety of methods of 

fabricating arrays of metal nanoelectrodes on electrode surfaces, such as 

electrochemical or electroless deposition of metal nanoparticles onto a suitable 

electrode substrate (Xiao et al., 2008). These methods produce random arrays of 

nanoparticles on the electrode surface such that the array rarely, if ever, is 

diffusionally independent on most practical experimental timescales. Lithographic 

techniques of fabricating ordered micrometer and nanometer sized metal arrays are 

progressing, but this technique is limited in that it can only produce nanoelectrodes 

with diameters of the order of 100 nm, whilst a significant fraction of the individual 

electrodes in the array are not in electrical contact with the substrate, forming ―dead‖ 

electrodes (Zoski, G.,2007). The different types of microelectrode array are described 

in this part. 

3.2.1.1 Random microelectrode arrays 

The main advantage of this type of array is the comfort for fabrication. The 

disadvantage is that they are geometrically badly defined. The badly defined spacing 

between conducting surfaces can lead to overlapping diffusion layers. Xiao et al., 

2008 reported the random array of boron doped diamond (BDD) nano-disc electrodes 

(RAN BDD), formed by a simple three step method. First molybdenum (IV) dioxide 
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nanoparticles are electrodeposited onto a BDD substrate. Second the electrode surface 

is covered in an insulating polymer film by the electropolymerisation of a 4-

nitrophenyldiazonium salt. Third the molybdenum dioxide nanoparticles are dissolved 

from the BDD surface using dilute hydrochloric acid to expose nano-discs of BDD for 

removing the polymer layer directly. The various microelectrodes were produced by 

this method with similar distribution of microelectrode size and number density, 

confirming that this is a reliable and reproducible method.  The appearance of this 

microelectrode arrays is shown in Figure 3.5. Furthermore,  Ordeig et al. (2006) 

studied the quantitative analysis of voltammetric data measured at randomly micro-

disc electrode arrays. Theory and experiment are found to be consistent and it is 

demonstrated that the former allows the number of ‗dead‘ electrodes in the array to be 

counted. In particular it is concluded by voltammetric means that only ca. 30% of the 

carbon fibers emerging at the surface are electrochemically active. However this type 

of microelectrode is applicable to manufacturer (Ordeig et al., 2006). 

 

3.2.1.2 Ordered microelectrode arrays 

The design of microelectrode arrays with well defined geometry is preferred to 

electroechemical proposes. The advantage of ordered arrays is their ability to be 

fabricated by lithographic method which fit bulk fabrication. There are high 

reproducibility and disposability. On the other hand, high quality ordered 

microelctrode arrays are not easy to be fabricated. The example of ordered 

microelectrode array is a microlithographically fabricated iridium ultramicroelectrode 

array was used to provide a disk array for formation of mercury microhemispheres 

(Samuel et al., 1994). The array, made up of 19 interconnected 10-pm-diameter 

microelectrode arrays, provides a multiplication of the signal current proportional to 

the number of microelectrodes in the array, without any indications of overlap of the 

diffusion fields.  
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.  

Figure 3.5 AFM images showing the 2D (left) and 3D (right) surfaces of: (a) the bare    

BDD electrode; (b) the MoO2 nanoparticle modified electrode; (c) the  

      polymer film covered electrode(d) the RAN BDD electrode 

      (Xiao et al., 2008). 
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3.2.2 Particle in microelectrode arrays 

In recent years microelectrode arrays have been shown to significantly 

enhance the sensitivity of electrochemically based analytical determination method. 

However, the use of nanoparticles for enhancing the properties of enzyme 

microelectrode array as in macroelectrode was rarely reported. Lin et al. (2008) 

reported cyclic voltammetry by using 1-D gold nanorods. The ordered 1-D gold 

nanorod-modified electrodes exhibit more enhanced CV signals than that of 

disordered gold nanorod-modified electrodes (Figure 3.6). Moreover,     Simm et al. 

(2005) studied the simple preparation of random silver micro and nano-electrode 

arrays by mechanically attaching particles from suspension of metal colloid. These 

arrays were compared with arrays formed by the electro-deposition of silver on a 

glassy carbon substrate, with the silver being partially stripped off, leaving a stable 

micro and nanoparticle array on the surface. Although the arrays produced 

mechanically achieved larger particle sizes than those grown electrochemically, the 

result for the reduction of halothane were similar. 

 

 
 

Figure 3.6 Cyclic voltammetry experiments show the performances of three working 

electrodes. i.e. the 1-D arrayed gold nanorods modified working electrode 

which enhance most the performance (ordered) (-). Disordered gold 

nanorods modified working electrode ( ) and flat electrodes ( ) exhibit 

maller peak height. Lin et. al (2008) 

 

3.2.3 Polymer electrodeposition in microelectrode array 



58 
 

The electrochemical polymerisation of a polymer directly onto an electrode is 

widely used for both macro- and microelectrde application. This method can offer a 

more suitable method of modification, providing complete coverage of the electrode 

surface on a molecular level (Castanön et al, 1997). Electropolymerisation has many 

advantages compared with other deposition or polymerisation methods. By using 

different electropolymerising conditions, including monomer concentration, solvent 

conductivity, pH value, scanning potential range, and applied scanning cycle, 

different characteristics and functions of the films can be obtained (Imisides et al., 

1991). These differences have been found to include thickness, surface topography, 

pH response, electron transfer kinetics (Martinusz et al., 1994), and protection against 

metal corrosion (Marsh et al, 2001). 

Electropolymerised films are generally formed by the oxidation of a monomer, 

conducting or insulating polymer films that coat the electrode surface (Emr & 

Yacynych, 1995). Conducting polymers are capable of transducing energy arising 

from certain chemical interferents into electrical signals which are easily monitored. 

The three most common monomers of conducting polymers are pyrrole (Zuo et al., 

2008, Hui et al., 2009), aniline (Barton et al., 2004, Law et al., 2005 Myler et al., 

2005) and thiophene (Kim et al., 2007). The main disadvantages with these types of 

films is that they are not very reproducible due to the deposition process, and anions 

present in the solution or solution pH can influence the conductivity of the film 

(Curulli et al., 1998). Non-conducting (insulating) polymer films, by contrast, form 

self-regulating films which have a uniform thickness and cover the surface completely 

with few defects or pinholes. The most common non-conducting polymers is 

phenylenediamines (PPD) (Prichard et al., 2004, Myler et al., 1997, Barton et al., 

2004) which used in this project. 
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3.2.3.1 Electrodeposition of poly-phenylenediamine (PPD) 

 

The o-phenylenediamine monomer is an aromatic diamine which can be 

synthesized by nitration and reduction processes involving benzene as show in Figure 

3.7. 

 

 

 

Figure 3.7 The chemical structure of o-phenylenediamine. 

 

Electropolymerisation of oPD offers the advantage of producing a very 

thin (<100 nm) (Mill 2005) and self-insulating film that can be coated on any 

conducting, three dimensional surface. Myler et al., (1997) describe the development 

of enzyme electrodes for the detection of glucose in whole blood, based on ultra thin 

o-phenylenediamine composite membranes. The electrodpolymerization which Myler 

et al., (1997) used was applied in this research. The polyphenylenediamine (PPD) was 

grown at the pH 7.4 in phosphate buffer, the extent of conjugation is progressively 

decreased as suggested by the increasing amount of free NH2 groups at the surface 

(Losito et al., 2001).  The oxidation of oPD monomer was first taken placed by 

applied the potential in the initial cycle of electrodeposition to form a radical 

monocation (Figure 3.8a). Then, the monocation species immediately combines via 

radical coupling to form one of three possible dimmers (Figure 3.8b). As C-N 

coupling has been shown to be dominant for the anodic oxidation of aromatic amines 

in aqueous solution (Mill 2005), the `head-to-tail' dimer configuration is formed 

preferentially (Figure 3.8c). This structure is suitable for propagation, and the 

molecule can undergo further elongation to produce longer chain and results in a 

conjugated polymer structure (Figure 3.9). 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.8 Initial oxidation of the oPD monomer to form a radical monocation (a), the 

dimerization following the oxidation od oPD (b), and the chain 

propagation (c) (Mill, 2005). 
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Figure 3.9 Proposed structure of poly(o-phenylenediamine) (Li et al, 2002). 

 

 

 

 

3.2.3.2 Electropolymerisation of aniline 

 

Polyaniline (PANI) which used in this research is the polymer of choice 

here due to its ease of polymerisation, low cost, high conductivity depending on the 

film forming conditions (Jaewang et al., 2007), and particularly, its high chemical 

durability against oxygen and moisture. Furthermore, it is thermodynamically 

possible that dissolved polyaniline film. This means that the film may behave as an 

electron-transfer mediating catalyst. The mechanism of growth and attachment of 

polyaniline is known to vary with substrate (Rodriguez et al.,1987). The 

polymerisation is initiated in acidic medium by the formation of an aniline radical 

cation, whose charge is localised mainly on the nitrogen atom (Figure 3.10). The 

monomer units are then connected by C-N bonds in para positions (head to tail 

couplings), to form leucoemeraldine, which is essentially non-conducting in both the 

base and protonised form. Strong oxidation of leucoemeraldine base leads to a non-

conductive semi-quinone form, pernigraniline base. 
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(a) 

 
(b) 

 

Figure 3.10 The structure of aniline (a), and polyaniline (b) 

 

 

3.2.4 Applications of microelectrode arrays 

Microelectrodes have numerous advantageous properties compared to 

electrodes of conventional dimensions, which have led to their widespread adoption in 

recent years. Their small size provides important practical characteristics such as a 

decreased ohmic potential drop (so that experiments are possible with much reduced 

supporting electrolyte concentrations), fast establishment of a steady-state signal, a 

current increase due to enhanced mass transport at the electrode boundary, and 

increased signal-to-noise ratio (Morf & de Rooij, 1997). These effects make 

sufficiently small electrodes advantageous in many areas of electroanalytical 

chemistry (Karel Stulik & Kutner, 2000). However, one major disadvantage of 

microelectrode is that the current output is very low for microelectrodes because of 

their extremely reduced size. Furthermore, another significant problem occurs if the 

single microelectrode in a sensor becomes damaged or fouled in any way, leading to 

the failure of the sensing device to register a signal. However, these problems can be 

overcome by replacing an individual microelectrode with a number of 

microelectrodes acting in parallel and forming an array of microelectrodes (Morf & de 

Rooij, 1997; Zoski et al., 2004). The arrays of microelectrodes increase the current for 

electrochemical measurements without losing the special features of a single 

http://upload.wikimedia.org/wikipedia/commons/thumb/f/fe/Aniline.svg/378px-Aniline.svg.png
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microelectrode such as high mass flux, steady-state current. Furthermore, the 

microelectrode arrays ensure redundancy in a sensing device if one, or several, of the 

individual microelectrodes failed to work. The use of microelectrode arrays has now 

produced a major impact in the area of electrochemical sensors and biosensors (Zhu  

et al., 2007).   

Anjos et al. (2008) propose an electrochemical sensor strategy for the 

simultaneous calculation of oxygen and carbon dioxide in solvent using propylene 

carbonate (PC) as the electrollte. It was demonstrated that short voltage pulses and 

gold microelectrode arrays can be successfully used in the electrochemical reduction 

of both oxygen and carbon dioxide individually, and measure their concentrations in 

tertiary gas mixtures. Some research presented significant results about 

microelectrode array for biological cell culture studies and gas sensors based on 

nanostructured materials such as porous silicon (PS) (Ramirez-Fernandez, 2006). In 

the case of the developed microelectrode array for biological culture, the signal 

recording and stimulation achieved that the charge injection limit can be lowered to 

less than 100 nC/cm
2
. The microelectrode array biosensor is an ideal in vitro system 

to monitor both acute and chronic effects of drugs and toxins and to perform 

functional studies under physiological or induced pathophysiological conditions that 

mimic in vivo damages. By recording the electrical response of various locations on a 

tissue, a spatial map of drug effects at different sites can be generated, providing 

important clues about a drug‘s specificity (Stett et al., 2003). 

For enzyme microelectrode arrays, a few researches have been investigated. 

Burmeister et al. (2003) studied enzyme-based microelectrode array for real time 

measurement for neurotransmission in vivo by used of Ceramic-based multisite 

microelectrode arrays. Moreover, microelectrode array for glucose detection was 

studied by (Liu, et al., 2008). The glucose oxidase was entrapped into polypyprrole 

(PPy) nanofiber. This electrode demonstrated a good biocatalytic activity with 

glucose and occurred the response time of about 15 s. For glucose determination, 

Myler et al. (2004) similarly reported the sonochemically fabricated microelectode 

arrays for glucose analysis by glucose oxidase. With this microelectrode array 

achieved the linearising sensor response between 0 – 60 mM glucose concentration. 

Moreover, the same research group (Myler et al., 2005) continuing studied the 
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similarly microelectrode arrays fabrication for alcohol oxidase. In the application of 

monitoring pesticides, Pritchard et al. (2004) developed the sonochemically fabricated 

microelectrode arrays based acethylcholinesterese for pesticides determination. The 

enzyme response in this case achieved the concentration detetermination down to 

1×10
-17

M. with similarly result in the organophosphate pesticides by Law et al. 

(2005). Which the determination concentration of dichrorvos, parathion and 

azinphose were 1×10
-17

M, 1×10
-16

M, and 1×10
-16

M, respectively. 

The use of microelectrodes and the assisted diffusional mass transport 

associated with the hemispherical diffusional profiles achieved the small signals 

associated with the enzyme as detailed before. However, the application of 

microelectrode arrays in HRP for phenol detection has not been report. For phenol 

detection, the sonochemically fabrication method for HRP microelectrode array is the 

interesting method for improve the phenol determination method due to this technique 

improve the response, lower detection limit and maybe improved the leakage problem 

of HRP immobilization in macroelectrode. 
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CHAPTER IV 

MATERIAL AND METHOD  

 

4.1  Reagents 

The Aniline hydrochloride, ferrocenemonocarboxylic acid, gold (III) chloride 

trihydrate (ACS reagent; ≥49.0% Au basis),  hexaammineruthenium (III) chloride, o-

phenylenediamine dihydrochloride, potassium ferricyanide, potassium ferricyanide 

(all `Analytical Reagent' grade), and horseradish peroxidase (HRP; E.C. 1.11.1.7; 167 

purpurogallin units mg
-1

; one purporogallin unit is defined as a production of 1.0 mg 

purpurogallin from pyrogallol in 20 s at pH 6.0 and 20 °C.) were purchased from 

Sigma-Aldrich (Gillingham, Dorset, UK).   

Acetic acid, orthophosphoric acid and sodium hypochlorite solution (all GPR7 

grade), disodium hydrogen orthophosphate 12-hydrate, sodium chloride, phenol, and 

sodium dihydrogen orthophosphate 1-hydrate (all `AnalaR®' grade) were purchased 

from BDH (Lutterworth, Leicestershire, UK).  

 

4.2 Equipments 

 

A Sycopel Analytical Electrochemical Workstation Model AEW2 potentiostat 

(Sycopel Scientific Ltd, Washington, Tyne & Wear, UK) controlled by a PC equipped 

with an ECProg3 software program was used for all lab-scale electrochemical studies 

(Figure 4.1) 

 

 

Figure 4.1 Sycopel AEW2 potentiostat 
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A Transsonic T460, 35 kHz, 30W ultrasound tank (Fisher Scientific, 

Loughborough, Leicestershire, UK) was used for the sonochemical ablation of 

microelectrode arrays and for cleaning of electrode surface bubbles prior to the 

electropolymerisation of carbon electrodes, to ensure a homogenous polymer layer.  

For microscopy characterization, the scanning electron microscopy (SEM; 

Joel JSM-6480LV, Japan) was used. 

The working electrode was used in this research is glassy carbon electrode. 

Furthermore, the Ag/AgCl and Pt electrode were applied as reference and counter 

electrode in all experiment (Figure 4.2). 

 

 

(a) GC electrode 

 

 

 

(b)  Pt electrode                      (c) Ag/AgCl electrode 

 

Figure 4.2 GC electrode (a), Pt electrode (b), and Ag/AgCl electrode were 

used as working, counter and reference electrode, respectively 

in this research 
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4.3 Buffer and Solutions 

The phosphate buffered saline (PBS) at pH 7.4 stock solution prepared by 

using 0.13 mM sodium di-hydrogen orthophosphate NaH2PO4, 0.528 mM di-sodium 

hydrogen orthophosphate Na2HPO4 and 0.51 mM sodium chloride NaCl.   

Acetate buffer pH 5.5 prepared by using 0.0011 M acetic acid, 0.0088 M 

sodium acetate and 0.51 mM sodium chloride NaCl. 

The three redox couples were used in this research are, 5 mM 

ferrocenecarboxylic acid (FCA) solution, 5 mM hexaammineruthenium (III) chloride 

solution, and 5 mM Ferri/Ferro cyanide was prepared from 4.22 M potassium 

hexacyanoferrate and 3.3 M potassium ferricyanide. The all three redox couples were 

prepared in pH 7.4 PBS.  

 

4.4 Experimental procedure 

 

4.4.1 The electrode pretreatment 

The glassy carbon electrode (GCE) was first gently polished consecutively 

using 0.3 and 0.05 μm alumina powders. The polished GCE was then cleaned in 

ethanol and distilled water respectively by a sonicate bath at 35 kHz for 5 mins each. 

An electrode was dried under room temperature after the sonication before use. 

 

 

4.4.2 An ultra thin poly-phenylenediamine film polymerization 

The solution of 5 mM o-phenylenediamine dihydrochloride was prepared in 

phosphate buffer (pH 7.4) and was sonicated for 20 mins for deoxygination. The 

prepared solution was then electropolymerized on GCE by potential sweep between 0 

and 1000 mV versus Ag/AgCl at 20 mVs-1 for 50 cycles using Pt as a counter 

electrode. All electrodes were connected with a Sycopel Scientific AEW2 portable 

electrochemical workstation to a PC running ECProg3 software. Then, the 

polydiaminobenzene (PDB) coated electrode was dried for 2 hours at room 
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temperature and rinsed with deionised water for removal of unpolymerised molecules. 

(Myler et al., 2005) 

 

4.4.3 Sonochemically ablation for polymer thin film 

The modified GCE obtained in section 2.2 was immersed into a distilled water 

contained sonicated bath in the middle of the tank measured from all dimensions, and 

was clamped to a metal rod stand throughout the experiments. An effect of sonication 

time was studied by varying duration times at 16, 17.30, 18, and 19 mins each at a 

fixed frequency of 35 kHz. Subsequently, the sonicated modified electrode was dried 

at room temperature for 1 hr, and cyclic voltammetry was performed in 5 mM 

ferrocenecarboxylic acid (FCA) between -400 and +800 mV at 20 mVs
-1

. 

Additionally, the amperometric responses were investigated at varied FCA 

concentrations to test the performance of the modified electrode. For another redox 

couples were applied for cyclic voltammogram in this research, the apply potential 

between -1000 to 1000 mV for 5 mM Ferri/Ferro cyanide, and the potential between 

200 to -400 mV for 5 mM hexaamineruthenium (III) chloride. 

 

4.4.4 The electropolymerization of  PPD/HRP/PANI and PPD/HRP/Au/ 

PANI microelectrode arrays 

For the fabrication of PPD/HRP/PANI microelectrodes, the sonochemically 

prepared microelectrodes (as in Section 4.4.3) were submerged in aniline/HRP acetate 

buffer solution (0.5 mM aniline, and 300 unit/ml HRP) (pH 5.5) for co-

electropolymerisation by sequentially cycling the working electrode between -200 and 

+800 mV versus Ag/AgCl for 20 cycles at 50 mVs
-1

 (Barton et al., 2004). 

Immediately following polymerisation, the working electrode was submerged in pH 

7.4 phosphate buffers to prevent enzyme denaturation and stored at 4 
o
C prior to use.  

Fabrication of PPD/HRP/Au/PANI microelectrode arrays was carried out 

similarly to the preparation of PPD/HRP/PANI microelectrodes, however, 

electrodeposition of Au nanoparticle was achieved prior to HRP/PANI co-deposition. 

A solution of 0.3 mM HAuCl4.3H2O in distilled water was electrodeposited onto the 

sonochemically fabricated microelectrode at -200 mV for 30 s which resulted in Au 
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nanoparticles deposition onto microelectrode surfaces. HRP/PANI co-deposition was 

finally followed using the method mentioned above.  

 

4.4.5 The microelectrode arrays  for phenol detection 

The microelectrode arrays obtained from the section 4.4.4 were tested for 

linear sweep responses (400 to -400 mV at 20 mVs
-1

) to phenol in the concentration 

range of 1x10
-15

 - 1x10
-3

 M. The obtained current responses at the applied voltage of 

50 mV were reported. 

4.4.6 The microelectrode surface characterization 

For Surface characterization of all types of the fabricated microelectrode 

arrays was performed using scanning electron microscopy. 
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CHAPTER V 

RESULTS AND DISCUSSION 

 

  This research covers an investigation of microelectrode arrays 

fabrication for HRP based biosensors using a son chemical technique. The three major 

attempts were carefully explored. Firstly, the PPD/HRP/PANI microelectrode arrays 

assemblage was especially developed. The micro arrays ablation conditions were 

studied in the first period. Next, enzyme microelectrode arrays were produced. 

Secondly, Au particles were introduced in the microelectrode arrays aiming at 

increasing response currents. Finally, the comparisons between two types of 

microelectrode arrays were elaborated. Additionally, kinetic study of the concerned 

reaction is included in comparison to that of free enzymes. 

 

5.1 Microelectrode arrays fabrication 

The o-phenylenediamine dihydrochloride (oPD) was firstly electrodeposited 

on the glassy carbon electrode (GC). The suitable conditions for the poly-oPD or poly 

(o-phenylinediamine) (PPD) thin film production was investigated (Appendix A). In 

this part, sonochemical ablation of PPD film on GCE is the main focus. Furthermore, 

the HRP based microelectrode arrays were examined. To analyse the formation of 

microelectrode arrays, cyclic voltammetry was applied, and SEM was used to 

determine surface characteristics of the ablated PPD film. 

5.1.1 Electropolymersation of o-phenylenediamine dihydrochloride (oPD) 

 

5.1.1.1  Mechanism of oPD electropolymerisation 

The 5 mM oPD was electrodeposited on GC electrode for 50 cycles at a fixed 

scan rate of 20 mVs
-1

, and this is shown schematically in Figure 5.1. The cyclic 

voltammetry for the electropolymerisation of the insulating PPD film is shown in 

Figure 5.2. The diversity of PPD macromolecular structures obtained was resulted 

from the differing polymerization conditions. It is suggested (Losito et al., 2003) that 

under acidic polymerisation conditions (pH<5), PPD possessing a phenazine-like 
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structure, which amino groups of an oPD unit are condensed with the benzene ring of 

the closed unit along the polymer chain, although free primary amino groups have 

been seen to be still present, at least at the surface (Losito et al., 2001). At higher pH 

> 5, the extent of conjugation is progressively decreased, since there is an increasing 

amount of free amino groups at the surface. These structures also show some 

agreement with the properties of PPD synthesized at the particular pH values, for 

example, the better electroactivity exhibited by the polymer obtained at low pH 

(Losito et al., 2001). The different structures of PPD can thus be attributed to the 

peculiar mechanisms of the oxidative polymerisation at different conditions which is 

proposed by Losito et al., (2003) (Figure 5.3).  

In the first stage of polymerisation, the oxidization of monomer to the 

corresponding free radical cation in any pH condition (as shown in (1) reaction in 

Figure 5.3) is occurred during the forward scan from 0 to 1000 mV, the relevant peak 

potential is presented according to the oxidisation (Figure 5.2). Furthermore, no 

reduction peak is found in the reverse scan, suggesting that the oxidized oPD was 

involved in further chemical process which led to non-reducable species in the 

potential range adopted. From the free radical cation, radical coupling (tail-to-tail, 

head-to-head, head-to-tail) of these radicals give three possible different dimers (Al, 

A2 and A3, respectively) that can be further oxidised by a two electron-two H
+
 

process forming another species (B) which is mostly obtained from the dimer A3 

(head-to-tail). The fully reduced dimer A3 may be involved in three different and 

competitive processes: oxidation to the B1 dimer (2), internal coupling 

(intramolecular oxidation followed by cyclisation) leading to the intermediate species 

B2 (3) which rapidly evolves into its fully oxidised form, 2,3-diaminophenazine  (2,3-

DAP) or  further radical coupling (i.e. chain propagation) (4) to form a trimer, B3.  

The fully reduced trimer, B3, then plays a role similar to that of the A dimer, leading 

to either fully (D) or partially (E) oxidised trimers or to the fully reduced tetramer (F). 

Then, the key point in the polymerisation mechanism seems to be the 

competition between oxidative coupling, leading to chain propagation, and 

intramolecular oxidation processes leading to the formation of (i) phenazine, (ii) 1,4-

benzoquinonediimine units or (iii) both. For instance, 2,3-DAP and D arise from 
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phenazine-forming processes, whereas B and E arise from 1,4-benzoquinonediimine 

forming processes. 

In summary, the insulating film may be formed via the polymerisation of the 

oPD di-cation formed on disproportionation, or the monocation radical oxidising at a 

conducting film surface rather than the electrode surface, yielding an insulating film 

which results in decreasing the oxidation current during potential cycling (Figure 5.2). 

The following significantly decreasing anodic peak in successive scans (Figure 5.2), 

indicated a low efficiency of oPD oxidation on the PPD film as compared to the bare 

electrode. This result can be attributed to the film resistivity, thus hindering further 

monomer oxidation and subsequently polymer deposition. Hence, the electrode 

became progressively insulated by the polymer film during the polymerisation. In this 

research, the anodic irreversible peak current decreased to nearly the background level 

on the 50
th

 cycle, indicating that the electrode became totally insulated and therefore 

could not be coated with any further polymer (Sayyah et al., 2009).  
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Figure 5.1 The schematic of polymer (PPD) to form an insulating film on GC 

electrode 
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Figure 5.2 Cyclic voltammograms for the electropolymerisation of 5 mM oPD 

at a potential scan rate 20 mVs
-1

 vs Ag/AgCl. 

Insulating polymer 

GC electrode 
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Figure 5.3 Schematic representation of the oPD polymerisation mechanism 

proposed by Losito et al. (2003). 
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5.1.1.2 The electrochemical characterisation of PPD film 

Electroactivity of the electrochemically deposited PPD films grown on GC 

electrode was initially tested by cyclic voltammetry in pH 7.8 phosphate buffer at a 

scan rate of 20 mVs
-1

 using three different redox couples. Figure 5.4, 5.5 and 5.6 

display cyclic voltammograms of 5 mM ferri/ferro cyanide [Fe(CN)6 
3-/4-

]  , 5 mM 

hexaammineruthenium (III) chloride [Ru(NH3)6
3+/2+]

, and 5 mM ferrocenecarboxylic 

acid [Fc(CO2H)
3+/2+

], respectively for both bare GC electrode(a) and PPD coated 

electrode(b). The reactions of these redox couples are indicated in following equations 

 

          𝐹𝑒𝐼𝐼𝐼 𝐶𝑁 6 
3− +  𝑒− ↔  𝐹𝑒𝐼𝐼 𝐶𝑁 6 

4−  (5.1)  

 

  𝑅𝑢 𝑁𝐻3 6 
3+ +  𝑒− ↔  𝑅𝑢 𝑁𝐻3 6 

2+  (5.2)  

 

    𝐹𝑐 𝐶𝑂2𝐻  
3+

+ 𝑒− ↔  𝐹𝑐 𝐶𝑂2𝐻  
2+

  (5.3)  

 

Figure 5.5a illustrates the cyclic voltammogram obtained which the initial 

sweep is in the cathodic direction reducing Fe
3+

to Fe
2+

. The cyclic voltammogram 

yields the magnitude ratio of the two peak currents closed to 1, which the ipa and ipc 

are 66.47 and -65.3 µA, respectively since the solution consisted mainly of 

ferricyanide, the reaction product from the cathodic sweep (ferrocyanide) experiences 

a diffusion gradient away from the electrode, causing it to move out of the diffusion 

layer and resulting in a charge bias in favour of reduction. Furthermore, a peak 

separation of approximately 220 mV which is much higher than the value of 59 mV 

expected for a reversible, diffusion-controlled single electron transfer reaction 

(Adrian, 1999). Contrastingly, a very little voltammetric response is observed for the 

PPD coated electrode confirming that the electrode surface was mostly insulated by 

the film. The absence of [Fe(CN)6 
3-/4-

] peaks on the voltammogram corresponding to 

the PPD covered electrode (Figure 5.5b) agreed with the previous results 

experimented under similar pH values for PPD grown on gold electrode (Barton et al., 

2004) and screen printed electrode (Myler et al., 2004). 
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Figure 5.4 Cyclic voltammetry of 5 mM ferri/ferro cyanide at (a) a bare GC electrode 

and (b) a similar electrode coated by an electrodeposited film of PPD at 

scan rate 20 mVs
-1

.  
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Figure 5.5 Cyclic voltammetry of 5 mM hexaammineruthenium(III) chloride at (a) a 

bare GC electrode and (b) a similar electrode coated by an 

electrodeposited film of PPD at scan rate 20 mVs
-1

.  
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Figure 5.6 Cyclic voltammetry of 5 mM ferrocenecarboxylic acid at (a) a bare GC 

electrode and (b) a similar electrode coated by an electrodeposited film of 

PPD at scan rate 20 mVs
-1

.  
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In the case of [Ru(NH3)6
3+/2+]

  and [Fc(CO2H)
3+/2+

] redox couples were, the 

reversible electron transfers similar to the [Fe(CN)6 
3-/4-

] redox couple were observed. 

The [Ru(NH3)6
3+/2+]

 system exhibited slightly greater reversibility in terms of peak 

separation ( Ep) than the [Fc(CO2H)
3+/2+

] system (peak separation of 64 and 68 mV). 

However, the cyclic voltammograms using the three redox couples did exhibit clear 

redox peaks. The near Nernstian behaviour of the redox couples should be attributed 

to a good electron transfer at the surface of GC electrode. 

 The cyclic voltammogram obtained from PPD coated electrode using 

[Ru(NH3)6
3+/2+]

  and [Fc(CO2H)
3+/2+

] as redox couples displayed similar results with 

[Fe(CN)6 
3-/4-

]. A very small value of the peak currents obtained in these two redox 

couple confirmed the insulating behaviour of PPD thin film coated on GC electrode. 

 

5.1.1.3 The microscopic characterization of PPD film 

The scanning electron microscopy of PPD coated on GC electrode (Figure 

5.7a) compared with the bare GC electrode (Figure 5.7b) confirms that the GC was 

fully coated by an insulating PPD film. The AFM image also confirms that the PPD 

film was very rough (Figure 5.7c). Furthermore, the AFM image would suggest that 

the PPD film thickness was about 27 – 31 nm using 3 positions of section analysis 

which was represented in the three vertical distances. This was in agreement with 

Barton et al. (2004) which gold coated glass slides were used as a working electrode, 

the 30-40 nm thickness of the PPD thin film was found. For the gold spotter-coated 

glass slide electrode presented by Myler et al.(1997), the film thickness obtained was 

of  similar range (̴ 35 nm).  
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(a) 

 

(b) 

. 
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(c) 

Figure 5.7 Electron micrographs of PPD insulated (a), bare GC electrode (b), and 

AFM image for PPD coated GC electrode (c), the 5 mM oPD 

electropolymerisation for 50 cycles at a scan rate 20 mVs
-1

 between 0 to 

1000 mV. 

 

Electrode surface 

PPD film surface 
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5.1.2 Sonochemically for microelectrode arrays fabrication and 

Characterisation 

The fabrication of microelectrode arrays has been discussed before that the 

most common techniques for fabrication was photolithography because of its 

reproducibility, conversely the cost prohibitive for the mass production of disposable 

sensor. However, a novel approach for the fabrication of microelectrode arrays that 

lends itself to mass production is sonochemical fabrication due to the simplicity and 

inexpensiveness of the approach. The method takes advantage of acoustic cavitation 

due to the passage of an ultrasonic wave through the medium which is absolutely a 

simple method.  

 

5.1.2.1 An ultrasonic ablation mechanism 

 

It has previously been shown that oPD may be electropolymerised on 

conductive electrode surfaces to form essentially insulating polymer films of less than 

100 nm (Myler et al., 1997) thicknesses. In this research, the film thickness obtained 

was determined around 27-31 nm on the GC electrode. The film was found to be 

perfectly insulated since cyclic voltammetry for the electrodeposition of the film 

presented diminishing peak currents as reported earlier.   

For fabrication of microelectrodes on the polymer thin film, ultrasonic have 

been utilised in a novel approach for the fabrication of microelectrodes by means of 

ultrasonic ablation of thin polymer films. As describe before in Chapter 2, an 

ultrasound (in a kHz range) passes through a solvent such as water and induces 

cavitation, whereby localised hotspots of up to several thousand degrees Kelvin are 

created in the form of super-heated vapour bubbles (Suslick, 1990). The surrounding 

medium, which is of ambient temperature, very rapidly cools the vapour bubbles, and 

causes them to collapse upon themselves. When these events occur close to a solid 

surface, the movement of water is hindered by the presence of the object and so the 

majority of the liquid enters the bubble from the opposite side (Figure 2.11). This 

resulted in an asymmetric bubble collapse, which produces a high velocity jet of 

liquid targeted towards the solid surface. The velocity of these microjets (hundreds of 
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metres per second) may cause the shattering of hard, brittle solids, and for more 

ductile materials receive surface ablation from the impact of such jets (Suslick, 1990).  

In the case of soft, ultrathin polymer films, such as poly(o-phenylenediamine), 

the extent of this surface ablation is sufficient to cause perforation through to the 

harder underlying conductive surface, as depicted in Figure 5.8. 

 

 

 

 

 

 

 

 

 

Figure 5.8 The schematic diagram of sonochemical ablation forming microelectrode 

arrays 

 

 

5.1.2.2 Ultrasonic cavitation mapping study 

 

For this research, the bench top ultrasonic baths such as the Camlab 

Transsonic T460 possesses a single ultrasonic transducer was used for microelectrode 

arrays formation with the fixed position of electrode is shown in Figure 5.9. 

Consequently, the degree of acoustic cavitation experienced when multiple sensors 

are sonicated simultaneously varies considerably at differing positions within the tank 

(Gornall, 2004). Conversely, for a single sensor in a small ultrasonic bath with a 

single transducer, this is a simple task since the electrode should be located vertically 

above the transducer. The effective electrode position was investigated using the same 

ultrasonic bath. The four different positions for microelectrode arrays ablation were 

tested as demonstrated in Figure 5.10. 
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 Figure 5.9 Laboratory-scale microelectrode arrays fabrication via ultrasonic ablation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Positioning of electrode during ultrasonication (A, B, C, and D) 
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In a fixed transducer ultrasonic tank (such as the prototype above) an 

ultrasonic standing wave field is generated inside the liquid (Hepher ei al, 2000), 

(Yasui et al, 2005 m). As the wave propagates through the medium, some regions 

experience high amplitude pressure variation (antinode) and others experience very 

little pressure change (node). Nodal positions correlate to multiples of the wavelength 

(λ) of the ultrasonic wave, while antipodal positions relate to multiples of half 

wavelength (λ /2), as illustrated in Figure 5.11. Two classes of cavitation exist by the 

liquid tear apart around antinode, known as stable and transient cavitation (Mills, 

2005). Stable cavitation refers to bubbles generated at lower acoustic pressures (or 

higher frequencies) and which exist over many acoustic cycles.  The stable cavitation 

bubble oscillates with the surrounding pressure field. The radius of the bubble 

increases in size results from a lower internal vapour pressure when compared to the 

surrounding medium. The dissolved gases diffuse across the interface into the bubble 

cavity during this stage. At the compression period, the surface area of the oscillating 

stable cavitation bubble is smaller than the rarefaction phase and the dissolved gas 

tends to diffuse into the bubble at a faster rate than diffuse out during compression. At 

some point, for example, the interaction with a neighbouring bubble, results in the 

collapse of the bubble. The presence of non-condensable gas which has diffused 

across the interface from the surrounding medium cushions the collapse. 

Consequently, the energy released is greatly reduced, preventing a significant 

contribution to the process of ultrasonic ablation caused by the microjets of water 

(Chapter 2). 

For transient cavitation, refers to those cavities which exist at the much shorter 

time scale (1-3 cycles), this cavity size expands too many times of its equilibrium 

size. Since the bubble only exists for an extremely short time (typically only one 

cycle), there is no time for heat exchange or the diffusion of dissolved gases into the 

cavity. The cavity contains some vapour from the surrounding medium, but the 

vapour remains at or near its equilibrium pressure and can evapourate or condense 

freely at the cavity wall. The result is that in the absence of cushioning residual 

permanent gas when the cavity collapses. The collapse of transient cavities is 

extremely energetic, generating temperatures of several thousand degrees Kelvin, 

pressures of around 1000 atm, and generating the powerful microjets of fluid 
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associated with asymmetrical bubble collapse near a solid surface (Tuziuti et al, 

2005). These microjet fluids are responsible for the mechanical effects of ultrasonic 

cavitation and are required for the perforation PPD films in the fabrication of 

microelectrode array constructions.  

The formation of cavitation bubble at position transducer ultrasound tanks, 

where standing waves create the localised pressure fields termed nodes and antinodes 

(Figure 5.11). Instead of being homogeneous, cavitation bubbles will form clusters 

consisting of streams of bubbles (streamer) moving towards to the focal pressure 

antinode to form a dense cloud containing cavitating bubbles (Figure 5.11). The 

bubbles are moved by acoustic pressure gradients couple with bubble oscillations to 

produce a translational force (Mills, 2005). 

 

 

 

 

 

Figure 5.11 Schematic representation of ultrasonic wave propagation and acoustic 

cavitation (Mills, 2005) 
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The position of electrode in the fix transducer ultrasonic bath should be 

located vertically above the transducer (Mason, 1999) which may achieve the enough 

energy for perforation. Furthermore, the production of reproducible microelectrode 

arrays is only immersing the electrode in the water and applying an ultrasonic pulse. 

The construction of the tank and the distribution of the ultrasonic intensity within this 

vessel must be firstly considered in order to correct positions of the electrode Thus, 

correlations between the electrochemical behaviour of the individual electrodes at 

different positions in the sheet can be made.  

In order to elucidate the effect of the locations of the electrode in the tank, the 

cyclic voltammogram of 5 mM ferri/ferro cyanide was determined, and the peak 

current at 100 mV at different position and sonication time is plotted in Figure 5.12.  

It is thought that the most intense regions of power are expected to be found directly 

above a transducer (Mason et al, 1989). Therefore, one would expect that the most 

ablation on the polymer surface would be observed on the electrode that is located in 

the middle of the tank directly above the transducer since the most create power 

localised at the transducer. However, the plot shown in Figure 5.12 exhibit the effect, 

with the most ablation being present from the middle of the tank with the high current 

at 100 mV in 5 mM ferri/ferro cyanide. This referred that the electrode was placed 

over the transducer which was in the middle of the tank.  
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Figure 5.12 The current responses at 100 mV from cyclic voltammogram for 5 mM 

ferri/ferro cyanide at a scan rate of 20 mVs
-1

of the sonochemically 

ablation of electrodeposited film of PPD at different electrode positions. 
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5.1.2.3 The electrochemical characterisation of microelectrode arrays 

 

To obtain optimum microelectrode properties, suitable diffusion 

characteristics have to be established. These characteristics depend on radius, spacing, 

and geometrical arrangement of the electrodes in the arrays. The beneficial 

microelectrode array characteristics for the sonochemically fabricated microelectrode 

arrays are their pore sizes and distribution. The pore radius should be smaller than the 

distance between the pores to demonstrate the microelectrode arrays (Wang, 2006).  

Thus, to achieve the optimum properties, sonication time for microelectrode array 

formation is a significant parameter. Furthermore, the scanning electron microscopy 

was used to image the sonicated electrode surfaces. 

Cyclic voltammetry is a simple diagnostic tool that can be used to determine if 

microelectrode are sufficiently distributed so that microelectrode arrays are formed. 

Since microelectrodes are known to exhibit sigmoidal shaped cyclic voltammograms 

for reversible solution bound redox species (Huang, et al., 2009) so that it exhibits 

microelectrode behaviour. Conversely, the characteristic peak shaped voltammograms 

are expected at a planar of the macroelectrode surfaces or indeed arrays in which the 

microelectrodes are too closely packed together. 

According to the section 5.1.1.2, the hexaammineruthenium (III) chloride 

[Ru(NH3)6
3+/2+

] and ferrocenecarboxylic acid [Fc(CO2H)
3+/2+

] seemed to obtain 

greater electron transfer than ferri/ferro cyanide redox couple for GC electrode was 

used as working electrode in this research. The cyclic voltammograms recorded in 5 

mM [Ru(NH3)6
3+/2+

] and 5mM [Fc(CO2H)
3+/2+

] solutions were applied at the different 

sonication time for microelectrode arrays ablation in this and further experiments 

(Figure 5.13 and 5.14, respectively). The voltammograms corresponding to the 

microelectrode behaviour was achieved at the 17.30 min of sonication time due to the 

sigmoidal shaped is clearly demonstrated. Since the diffusion layer thickness is much 

bigger than the size of electrode at 17.30 min of sonication (d/r ratio is large, 

according to Chapter 2, section 2.5.1), the sigmoidal shape is appeared at this time. 

The sigmoidal shaped has been reported for the microelectrode arrays fabrication 

using a similar insulating film on screen printed surface at 20 sec of sonication 

(Barton et al., 2004). The increasing sonication time gave the slightly increasing in 
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signal current in both of redox couples. However, at longer sonication times (18 and 

19 min) complete sigmoidal response currents indicating that electrode sizes are 

bigger which caused the planar diffusion characteristics. At the short sonication time 

(16 min), arrays behaved like each individual electrodes and no interference from 

overlapping diffusion occurred and showed the planar diffusion. Cyclic 

voltammograms obtained by using the ferrocenecarboxylic acid as a redox couple 

showed similar results as of hexaammineruthenium (III) chloride 

It is clearly seen that the sigmoidal shaped curves in Figure 5.15 shows the 

voltarnmetry of the [Fc(CO2H)
3+/2+

] at a 17.30 min of sonochemically produced 

microelectrode arrays compared with the bare GC electrode and PPD coated electrode 

at the same conditions. The voltammograms corresponding to the bare GC electrodes 

(Figure 5.15a) indicates a Nernstian peak separation of approximately 64 mV, as 

would be expected for a reversible, diffusion controlled single electron transfer 

process. In contrast, very little faradaic response is observed for the PPD coated 

electrode, confirming the presence of an insulating polymeric layer (Figure 5.15b). 

Interrogation of the ultrasonically ablated microelectrode array sensors revealed a 

sigmoidal response, suggesting a hemispherical diffusion profile typically associated 

with microelectrode constructions (Zoski, 2007). Theory predicts that for an ideal 

microelectrode, the oxidative and reductive sweeps will overlay perfectly, however it 

can be seen that in Figure 5.15c, there is some separation of the forward and reverse 

sweeps. This is a consequence of the chaotic nature of the cavitation process, whereby 

microelectrode pores are positioned randomly across a sensor surface.  
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Figure 5.13 Cyclic voltammetry of 5 mM hexaammineruthenium(III)chloride of the 

sonochemically ablation PPD coated GC electrode at various sonication time at 

scan rate 20 mVs
-1

.  
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Figure 5.14 Cyclic voltammetry of 5 mM ferrocenecarboxylic acid of the 

sonochemically ablation PPD coated GC electrode at various sonication 

time at scan rate 20 mVs
-1

. 
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Particularly for [Fc(CO2H)
3+/2+

]  species, the shape of the voltammograms 

achieved at 17.30 min could be described as near to a sigmoidal shape since there 

appears to be only one plateau in the anodic region (Figure 5.16). However, this does 

not necessarily directly relates to whether the array exhibits true microelectrode 

behaviour or not. The presence or lack of a reverse plateau is a function of the rate of 

regeneration of the redox couple with respect to its consumption. This is dependent on 

the balance between factors such as the electrode kinetics, the thickness (and 

geometry) of the diffusion layer, and the scan rate, and possibly other influences 

including localised concentrations of both the reduced and oxidised species within the 

sonochemically formed microelectrode (Gornall, 2004). Since a plateau (in either 

region) is indicative of lack of diffusion control, kinetics acting as the rate limiting 

step in either the cathodic or anodic transient sweep can be considered an appropriate 

indicator for microelectrode behavior.  
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Figure 5.15 Cyclic voltammetry of 5 mM hexaammineruthenium (III) chloride at (a) 

a bare GC electrode (b) a PPD coated GC electrode and (c) a PPD coated 

electrode subsequently sonicated for 17.30 min at scan rate 20 mVs
-1
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Figure 5.16 Cyclic voltammetry of 5 mM ferrocenecarboxylic acid at (a) a bare GC 

electrode (b) a PPD coated GC electrode and (c) a PPD coated electrode 

subsequently sonicated for 17.30 min at scan rate 20 mVs
-1

. 

 

 



93 
 

5.1.2.4 Microscopic characterization of microelectrode arrays 

 

 The scanning electron micrograph was also applied for microelectrode arrays 

surface characterization for the different sonochemical ablation times (Figure 5.17). 

By comparison with the PPD coated GC electrode (Figure 5.7a), the micro-sized 

pores may clearly be seen within the surface of the polymer film in all ranges of the 

sonication time. The distribution of pores is random since ultrasonic cavitation is a 

chaotic process. There appeared to get larger and higher in density of pores at longer 

sonication time, confirming the voltammogram in Figure 5.13 and 5.14, which the 

higher responses were obtained at the longer sonochemical ablation time 

It also appeared that most of the cavities were of bimodal sizes, possessing 

either micron diameters m (around 4-5 m) or sub-m (around 0.5 m) structures 

found at 16 and 17.30 min of sonication times. There was little evidence of cavities 

with diameters falling in between this range. It is likely that the smallest of the 

cavities observed were formed by the initial impact of the micro-jets of fluid which 

were expelled following the collapse of vapour bubbles within the water (Suslick, 

1990). These initial cavities were known to act as nucleation sites for the formation of 

further bubbles (Suslick, 1990). The cavity would then grow as new bubbles implode 

within the confines of the original cavity, giving rise to an enlargement in the 

diameter of the cavity. Moreover, the large pore size (around 10m) is presented at 

higher sonication time (18 and 19 min), it is suggested that pores can continue being 

the nucleation site for further cavitation. In contrast to other reports (Myler et al., 

2000, Barton et al. 2004), round-edged pores were not achieved in our case. Instead, 

sharp-edged geometric forms were detected which possibly indicated the more brittle 

PPD film obtained on glassy carbon surface in comparison to those of others. 

However, further investigation is needed before any solid conclusion could be drawn. 

The pore density was estimated from the SEM image to be about 5 x 10
4
 pores 

cm
-2

 in 16 min of sonication for estimated micron size (around 5 µm). The companion 

size at 17.30 min, 18 min, and 19 min of sonication are expounded the approximate 

population density 7 x 10
4
 , 6 x 10

4
 , and 21 x 10

4
 pore cm

-2
. For the sub-micron size 

at different sonication times 16, 17, 18, and 19 min were presented in 14 x 10
4
, 17 x 

10
4
 , 15 x 10

4
 , and 37 x 10

4
 pores cm

-2
 , respectively. Furthermore, appraised 10 µm 
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pore sizes are acquired at 18 and 19 min of sonication. This is in good agreement to 

the population density of 8 x 10
4
 pores cm

-2
 calculated by Myler (2000) and 7 x 10

4
 

pores cm
-2

 by Barton (2004) for a PPD coated gold electrode and screen printed 

electrode, respectively as shown in Table 5.1. Eventhough a defined geometric 

arrangement is not required, the sonochemical technique combined with the simplicity 

and inexpensiveness of the approach, suggests that sonochemically fabricated 

microelectrode arrays offer widespread applicability in the field of electrochemical 

sensors. 
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                                 (c)  18 min 

 

 

 

(d) 19 min 

Figure 5.17 Scanning electron micrographs of GC electrode coated with PPD at (a) 

16 min, (b)17.30 min, (c) 18 min, and (d) 19 min of sonication  in water at 

35 kHz. 
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Table 5.1 Summary of the effect of sonication time 

 

 Sonication time   

(min) 

Pore size 

(µm) 

Dendity 

(pore cm
-2

) 

This work (GC) 16 < 1 14 x 10
4
 

  ̴ 5 5 x 10
4
 

 17.30 < 1 17 x 10
4
 

  ̴ 5 7 x 10
4
 

 18 < 1 15 x 10
4
 

  ̴ 5 6 x 10
4
 

  ̴ 10 NA 

 19 < 1 37 x 10
4
 

  ̴ 5 21 x 10
4
 

  ̴ 10 NA 

Myler et al., 2000 

(Gold coated glass slide) 

1 ̴ 3 - 4 7 x 10
4
 

Barton et al., 2004 

(Gold coated glass slide)  

1 ̴ 3 - 4 7 x 10
4
 

Prichard et al., 2004 

(Screen printed)  

20 (sec) ̴ 4 2 x 10
4
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5.1.2.5 Characterization and reproducibility 

 

This research investigated the microelectrode arrays by using GC electrode 

which has never been reported elsewhere. PPD films of about 30 nm thickness were 

formed on the surfaces of GC electrodes via the electropolymerisation of o-

phenylenediamine. The microelectrode arrays were then formed by sonochemical 

ablation of the PPD films to expose microscopic areas of the underlying conductive 

substrates. Five electrodes were selected for the reusability investigation. Calibration 

curves for hexaammineruthenium(III) chloride  and ferrocenecarboxylic acid plotted 

using final current value is presented by amperometric response in Figures 5.19 and 

5.20, respectively, error bars are also shown with these plots. These calibration curve 

represented good microelectrode behavior (Gornall, 2004). For example, for a 

concentration of 5 mM hexaammineruthenium(III) chloride (the concentration at 

which maximum error occurs), these microelectrode arrays showed the reproducibility 

of  3.15% relative standard deviation (RSD) (Figure 5.21). For the same concentration 

of ferrocenecarboxylic acid the reproducibility was determined at 7.87% RSD. The 

similar result was obtained from the Barton et al. (2004) report, which achieved 6.8% 

RSD by using the same technique. This showed good reproducibility can be obtained 

by using sonochemically fabrication technique to produce microelectrode arrays.  

 

c 
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Figure 5.18 Calibration curves of current resulting from the amperometric reduction 

of hexaammineruthenium (III) chloride at sonochemically fabricated 

microelectrode arrays 17.30 min at the potential -40 mV 
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Figure 5.19 Calibration curves of current resulting from the amperometric reduction 

of ferrocenecarboxylic acid at sonochemically fabricated microelectrode 

arrays 17.30 min at the potential 35 mV 
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 Figure 5.20 Comparison of the negative current in 5 mM hexaammineruthenium (III) 

chloride for different 17.30 min of sonochemically ablation on PPD 

modified electrode at -40 mV 
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Figure 5.21 Comparison of the negative current in 5 mM ferrocenecarboxylic acid for 

different 17.30 min of sonochemically ablation on PPD modified 

electrode at 50 mV 
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From these result, the excellent reproducibility can be obtained for 

microelectrode arrays producuction by the sonochemical fabrication approach. 

Furthermore, there is the various technique for improve the reproducibility of 

microelectrode arrays. For sonochemically fabrication method to produced 

microelectrode array, theory suggests that increased homogeneity of ultrasonic power 

intensity is also entirely achievable. For example, Mason (1999) has reported that the 

homogeneity in an ultrasound tank may be improved by the addition of 1 or 2% 

surfactant. This may reduce the surface tension of the water and permit more 

cavitation. 

 

5.2 PANI/HRP microelectrode arrays  

 

5.2.1 Planar electrode 

 

The electropolymerisation conditions and sonochemical technique for 

microelectrode arrays have already been optimized. Using the optimal conditions for 

PPD coated and microelectrode array fabrication by sonochemically technique from 

the previous sections would suggest a perfectly microelectrode arrays for enzyme 

microelectrode arrays formation.  

Horseradish peroxidase (HRP) has been widely studied for the construction of 

hydrogen peroxide biosensor (Seo, et al., 2007) and phenol biosensors (Ruzgas et al., 

1995, Mello et al., 2003, Kafi et al., 2009). There are a few reports available on 

preparation of modified electrode attending with the immobilization of HRP and 

conducting polymer. As the poly-aniline (PANI) is the one of the promising 

conducting polymer since its electrochromic behaviour. PANI has been extensively 

applied for microelectrode arrays for pesticides biosensors (Pritchard et al., 2004) and 

glucose oxidase biosensors (Myler et al., 2004).  The custom built PANI and HRP 

microelectrode arrays are specially modified onto the microelectrode arrays based 

with the assuming diagram as show the schematically in Figure 5.22. This based on 

the nature of horseradish peroxidase (pI = 7.2) and aniline radical which would 

present the positive charge in the solution (acetate buffer pH 5.5), HRP and aniline 



102 
 

radical may electrodeposited together during scanning potential sweep, the HRP 

possibly scatter in the polymer film.  

 

 

 

 

 

 

 

 

 

Figure 5.22 The schematic of sonochemical ablation formation of microelectrode 

arrays 

 

5.2.1.1 Electropolymersation of  aniline 

  

In this work, poly-aniline solution containing HRP enzyme pH 5.5 was firstly 

electrodeposited onto GC electrode surfaces by 20 cycles between -0.2 V and +0.8 V 

(Barton et al., 2004). Perversely optimum pH for HRP activity is 5.5 (Panwittayakool, 

2008), the appropriate pH 5.5 used for the polymer and HRP electropolymersation in 

this work. Previous works have indicated that optimal conditions for poly-aniline 

deposition with acidic solution. An electroconductive aniline is finest electrodeposited 

when the process is obtained under strongly acidic condition pH 1 (Barton et al., 

2004). Previous works have indicated that optimal conditions for poly-aniline 

deposition include a potential between -0.2 V and 0.7 to 1.2 V along with acidic 

solution pH and ensured electroconductivity of the final polymer as poly-aniline is not 

electroconductive if prepared at neutral or basic pH (Pritchard et al., 2004). Garifallou 

et al.(2007) had reported the pH range used varied from pH 3.7 down to pH 1 and it 

was found that electroconductive aniline was best when obtained at pH 1.  

Deng and Berkel (1999) have proposted the electropolymersation mechanism 

of aniline (Figure 5.24). The aniline oligomers are formed via a series of 

oxidation/addition reactions starting with the oxidation of aniline to the radical cation 

GC electrode 

Insulating polymer 

  PANI and enzyme 

EEnzyme (   ) 
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followed by monomer radical coupling to form the head-to-tail (C), tail-to-tail (D), 

and/or the head-to-head (E) which are the same mechanism in the polymerization of 

aromatic amine. The dimers in turn are oxidized (to form (C1), (D1), and (E1), 

respectively) and grow to larger n-mers via addition of aniline to form the trimer (F 

and F1) or addition of another dimer molecule to form the tetramer (G and G1). 

However, it has been shown that the proportion of the three dimers formed depends 

on a number of experimental conditions including aniline concentration and, in 

particular, pH. Note that polymer growth in Figure 5.23 is most often reported as the 

major dimeric product of aniline electropolymersation in acidic aqueous solution. 

 

 

 

Figure5.23 Schematic representation of the aniline polymerisation  

mechanism proposed by Deng and Berkel (1999) 
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5.2.1.2 The effect of aniline concentration for the HRP/PANI 

elecropolymerizaion 

 

Since none of previous report circumstantiated an electrodeposition of 

HRP/PANI, the optimum condition for electrodepostion of HRP/PANI compound 

were firstly studied on bare GC electrode between -200 to 800 mV of potential sweep 

scan rate 20 mVs
-1

 for 20 cycle (Barton et al., 2004). The various aniline 

concentrations (0.1-0.5 mM) pH 5.5 acetate buffer were determined by fixing HRP 

concentration at 500 Uml
-1

. The linear sweep at different aniline concentration in the 

present of H2O2 and phenol at H:P ratio 0.7 (Rosatto et al., 1000) is shown in Figure 

5.24a. Furthermore, the current exhibition at 50 mV presented in Figures 5.24b 

suggest the 0.3 mM aniline is achieved the high current at 50 mV 0.033 µA. At the 

low monomer concentrations (0.1mM) did not allow sufficient polymer formation and 

HRP entrapment onto the electrode surface to give a response in the phenol 

concentration studied. Higher monomer concentrations may affect the mass transfer 

due to the lower flexibility. Furthermore, the monomer can be precipitated which not 

sufficient to polymerised since the high monomer concentration. 

 

5.2.1.3 Effect of HRP concentration 

 

The HRP concentration is an important condition for the microelectrode arrays 

optimization. From the former research found the lower sensitivity might be attributed 

to the high biocomponent loading in the electropolymerized solution, since severe 

problems with polymer formation (poor adhesion, poor monomer polymerization 

yield) occur in the presence of high protein (HRP) concentration (Schuhmann et al., 

1997). The chosen concentration range (100-1000 U ml
-1

) was carefully studied on 

bare GC electrode with 0.3 mM aniline. Figure 5.25a displayed the linear sweep of 

modified electrode in hydrogen peroxide and phenol solution. Similarly, the 50 mV 

current is presented in Figure 5.25b. Consistent in current at 50 mV of different 

concentration is appearance.  

http://dict.longdo.com/search/circumstantiate
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(b) 

Figure 5.24 Linear sweep of HRP/PANI coated GC electrode (a) and 50 mV peak 

current at various aniline concentration at 500 Uml
-1

 HRP in Hydrogen 

peroxide: Phenol concentration ration (H:P) 0.35 (Rosatto et al., 1999) at 

scan rate 20 mVs
-1
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(b) 

Figure 5.25 Linear sweep of HRP/PANI coated GC electrode (a) and 50 mV peak 

current at various HRP concentration at 0.3 mM aniline concentration in 

Hydrogen peroxide: Phenol concentration ration (H:P) 0.35(Rosatto et al., 

1999) at scan rate 20 mVs
-1
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From the Figure 5.25 the increasing in HRP concentration seems 

insignificantly effect the enzyme activity with phenol concentration which in 

agreement of Schuhmann et al. (1997). Moreover, the increasing concentration of 

enzyme in the deposition solution, the nucleophilic side chains at the enzyme interfere 

with the polymer growth due to the attack at the intermediate radical cations. Hence, 

at high enzyme concentrations either film formation fails or the deposition time is 

long, leading to films with dramatically changed morphology. Moreover, since this 

was investigated at planar electrode which the mass transfer limit may occurred.  

However, 300 Uml
-1

 HRP suggested a good current result since the higher 

current and small error is appeared. Furthermore, this make certain of the enough 

amount of enzyme deposited which help avoid the effect that pointed out above.  

 

5.2.2 Microelectrode array 

 

5.2.2.1  The HRP/PANI microelectrode arrays fabrication 

 

 

For the PPD/HRP/PANI microelectrode arrays ablation, 0.3 mM aniline 

containing 300U ml
-1

 HRP in acetate buffer pH 5.5 was deposited onto 17.30 min 

sonochemically modified electrode surfaces by 20 continuous potential sweeps 

between -0.2 V and +0.8 V. Figures 5.26 shows the voltammograms obtained from 

electrochemical deposition of aniline/HRP on modified GC electrodes. It is obviously 

seen that with the deposition cycle, the peak current observed increases. This is due to 

the increase of the conductive surface area from accumulation of poly-aniline layers 

on the electrode surface with each potential sweep following the mechanism in Figure 

5.23.  While initially the conductivity of coated electrodes is seen to increase, it must 

be understood that a high number of consecutive potential sweeps will become a 

limiting factor and the cumulative conductivity through the polymer will start 

decreasing. This can be explained as the polymer film becomes thicker with each 

sweep in agreement with results obtained by Tsekenis et al., (2008). However, the 

peak current seems no increasing at eventual of deposition. The complimentary result 

was exhibit at non conductive condition for aniline electrodeposition on gold 

electrode by Tsekenis et al., (2008). 
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Figure 5.26 Electrochemical deposition (-0.2 V to 0.8 V) of 0.3 mM aniline/ 300 

Uml
-1

 HRP electrodeposition on a PPD modified GC electrode in acetate 

buffer pH 5.5 at scan rate 20 mVs
-1 

 
 

Confirming the HRP/PANI electrodeposited on sonochemically modified GC 

electrode using the SEM image (Figure 5.27). The HRP /PANI were formed the 

protrusion at the microelectrode cavities . These protrusions were found in very small  

sizes (̴ 0.5 µm) which suggest the longer in polymerization time may require 

completing the recessed microelectrode arrays (Figure 5.27a). 
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(a) 

 

 

(b) 

Figure 5.27 Scanning electron micrographs of PPD/HRP/PANI microelectrode 

arrays. 

 

 

 

HRP/PANI protrusion 

Recessed microelectrode 
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5.2.2.2 HRP for phenol detection mechanism 

 

Linear sweeps using a hydrogen peroxide:phenol in acetate buffer (pH 5.5) 

was used to investigate the electroconductivity of the PPD/HRP/PANI microelectrode 

arrays. The phenol reaction mechanisms are as follows (Ruzgus et al., 1995): 

 

NativeHRP + H2O2 Compound-I + H2O2     (5.4) 

Compound-I + phenol Compound-II + phenol*    (5.5) 

Compound-II + phenol NativeHRP + phenol*    (5.6) 

 

The HRP is firstly oxidised by H2O2 forming compound-I (equation (5.4)) 

which can then be reduced by phenol resulting in Compound-II and phenol radical 

(equation (5.5)). Native HRP is then achieved after the reduction of Compound-II 

with another molecule of phenol (equation (5.6)). Thus, phenol acts as an electron 

mediator which could be electrochemically reduced back to its initial state at the 

electrode surface. The reduction current, therefore, is expected to be proportional to 

the concentration of phenol in the solution if direct electron transfer is insignificant.  

 

5.2.2.3 The Effect of  hydrogen peroxide concentration 

 

Basically, H2O2 concentration is very important to get a good sensitivity of 

biosensors for phenol detection (Rosatto et al., 1999). Thus, the proper value of H2O2 

should be perceived for HRP/PANI microelectrode arrays for phenol detection. Figure 

5.28 displays the current response at 50 mV of various H2O2 concentrations at 1 µM 

phenol by using the 300 Uml
-1

HRP/ 0.3 mM aniline for microelectrode arrays 

production. The high current response was achieved from at 0.5 µM H2O2. Agreeably 

with the HRP mechanism, which require two mole of phenol for one mole of H2O2. 
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Figure 5.28 Current response at 50 mV of PPD/HRP/PANI microelectrode arrays for 

various Hydrogen peroxide concentration at 1 µM phenol concentration 

scan rate 20 mVs
-1

 

 

 

5.2.2.4 The PPD/HRP/PANI microelectrode arrays for phenol detection 

 

This research applied phenol for being the model chemical to investigate the 

microelectrode arrays which modified in the work. Figure 5.29b is the calibration 

curve for the phenol is made at the H:P ratio 0.7 at 50 mV on the semi-log scale of 

potential sweep from the linear sweep voltammogram (Figure 5.29a). At 50 mV, the 

response to acetate at this potential is very small this might improve the reliability of 

the phenol determination. Furthermore, the most important factor for the 

determination of phenol is that a consistent potential inclusively used. It should be 

noted that the current increases as the phenol concentration increase, with maximum 

current value is obtained at 1 x 10
-6

 M phenol. The insignificant differentiation is 

http://dict.longdo.com/search/inclusively
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displayed in higher phenol concentration than 1 x 10
-6

 M may due to the saturated 

enzyme with substrate at high phenol concentration.  Since the phenol concentration 

range which applied in this research does not show the linear relation with the current 

response, the kinetic property (Michealis-Menten constant) may impracticable 

determined. 

The former sonochemical fabrication for microelectrode arrays were 

determined the pesticide down to concentration of 1 x 10
-17

 M by acetylcholinesterase 

(Pritchard et al., 2004 and Law et al., 2005). From this comprise none of the report for 

HRP microelectrode array presented the excellently results for phenol detection were 

obtained with concentration range between 1 x 10
-15

 and 1 x 10
-6

 M. 

 

5.3 The PPD/Au/HRP/PANI microelectrode arrays 

The study of metal particle/conducting polymer composites is interesting for 

several reasons. First, particles have size and shape dependent properties. Second, the 

high surface to volume ratio of particles in the composite should result in a large 

number of binding sites available for chemical sensing or catalysis. Third, the 

combination of conducting polymers with metallic particles yields materials with new 

properties (e.g. optical, conducting or catalytic) (Smith et al., 2005).  

Much of the research on biosensors involving gold particles has been devoted 

to enzyme electrodes. There are the unique properties of gold particles, such as good 

conductivity, useful electrocatalytic ability and biocompatibility, several researchers 

have been devoted to fabricate electrochemical sensors and biosensors (Granot et al., 

2005, Pingarron, et al., 2008). 

This study reports on electrochemical synthetic methods and characterization 

of a new Au/HRP/PANI composite on modified electrode. After sonochemical 

ablation on PPD coated GC electrode, the 0.5 mM HAuCl4.3H2O was 

electrodeposited on the PPD modified electrode before PANI/HRP deposited the 

schematic diagram for PPD/Au/HRP/PANI microelectrode arrays is presented in 

Figure 5.30. Au particle may formed the array protrusion in the cavity of the modified 

electrode 
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(b) 

Figure 5.29 Linear sweep of PPD/HRP/PANI microelectrode arrays (a) and 50 mV 

peak current for various phenol concentration at 0.7 H:P ratio, scan rate 20 

mVs
-1

. 
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Figure 5.30 The schematic of sonochemical ablation formation of  

PPD/Au/HRP/PANI microelectrode arrays 

 

 

5.3.1 Gold particle electrodeposition 

 

In recent years, research efforts on a kind of gold particles deposited for the 

biosensors have flourished because of their good biological compatibility, excellent 

conducting capability and high surface-to-volume ratio. The ability of providing a 

stable immobilization of biomolecules retaining their bioactivity is a major advantage 

for the preparation of biosensors. There are several reports presented the Au particle 

composited with poly-aniline  by forming the Au particle follow by immersed an 

electrode into Au particle and polymer solution (Sarma et al., 2002, Yu et al., 1020) 

Moreover, the Au particles were deposited on PANI thin film by immersion (Sheffer 

et al., 2009). The deposition of particle separately the polymer matrix achieved the 

principal advantage resides in the synthetic control possible over both the particles 

and the matrix (Rosatto et al., 2002). An electrodeposition method is applied for Au 

particle deposition in this report. Appling voltage induced the Au deposited on the 

surface by following overall mechanism. 

  𝐴𝑢𝐶𝑙4
− + 3𝑒− → 𝐴𝑢 + 4𝐶𝑙−    (5.7)  

 

GC electrode 

Insulating polymer 

Au (   ) PANI and 

Enzyme (   ) 
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According to this mechanism two charge transfer steps coupled are involved 

with a preceding chemical reaction 

 

   𝐴𝑢𝐶𝑙4
− ↔ 𝐴𝑢𝐶𝑙2

+ + 2𝐶𝑙−          (5.8)     

 

    𝐴𝑢𝐶𝑙2
+ + 2𝑒− → 𝐴𝑢𝐶𝑙2

−    (5.9) 

 

   𝐴𝑢𝐶𝑙2
− + 𝑒− → 𝐴𝑢 + 2𝐶𝑙−     (5.10) 

 

 

 

In this research, Au particles were electrodeposited on to the modified 

microelectrode arrays at -200 mV potential for 30 sec to prevent in particle sizes and 

quantity. The cyclic voltammetry of Au particle arrays was displayed in Figure 5.31 

by using 5 mM ferri/ferro cyanide since no changing in the signal response for the 

hexaammineruthenium (III) chloride and ferrocenecarboxylic acid (data not show). 

The sigmoidal was clearly observed even show forward plateau, as described before 

that this does not directly relate to the array exhibits none microelectrode behaviour. 

Moreover, in the 5 samples of Au microelectrode arrays which were investigated in 

the cyclic voltammetry have been show the relative standard deviation 8.17% which 

slightly higher than the microelectrode arrays achieved from the sonochemically 

ablation (Figure 5.32). 

Furthermore, the microscopic behaviour of Au particles on the microarrays 

modified electrode is displayed in Figure 5.33. The sphereical model of Au particles 

were furnished in the sonochemical pore arrays, the distribution of the particle is 0.5 – 

1 µm.  The SEM images show the particles can accumulate more than one in the 

micro arrays cavities depended on the size of the cavity.  
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Figure 5.31Cyclic voltammetry of 5 mM ferri/ferro cyanide of Au particle 

microelectrode arrays at the electrodeposition time 30 sec, -20 mV. 
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Figure 5.32 Comparison of the current response in 5 mM ferri/ferro cyanide of Au 

particle microelectrode arrays at the electrodeposition time 30 sec, -20 

mV. 
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(a) 

 

(b) 

 

Figure 5.33 Scanning electron micrographs of Au particles on micro arrays carvities  
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5.3.2 The PPD/Au/HRP/PANI microelectrode arrays for phenol detection 

 

The investigations were carried out to determine the phenol in solution.  In 

order to compare the responses of electrodes fabricated within this work (with and 

without gold particle modified electrode), the sonochemically fabricated 

microelectrode array sensors prepared under the similar conditions. For their response 

to a range of phenol concentrations from 1 x 10
-15

 M to 1 x 10
-3

 M were determined 

by linear sweep (Figure 5.34a). Representative calibration graph is shown in Figure 

5.34b.  

Good response characteristics are obtained with changes in the concentration 

of phenol solution and the sensors are seen to exhibit linearity over the investigation 

concentrations. The current responses do not decline significantly at higher 

concentrations of phenol as in the PPD/PANI/HRP microelectrode arrays, indicating 

that both the quantity of reagent deposited and the thickness of the modifying layer do 

not limit the response of the sensor to phenol. Moreover, Au particles may improve 

the mass transfer between electrode surface and redox centre in protein since  higher 

surface area were obtained. Granot (2005) reported the chronoamperometric 

experiments reveal that the charge transport in the poly-aniline /Au-NPs system is ca. 

25-fold enhanced as compared to the analogous polyaniline/polystylene system which 

confirmed the current improving in this research. 
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(b) 

Figure 5.34 Linear sweep of PPD/Au/HRP/PANI microelectrode arrays (a) and 50 

mV peak current for various phenol concentration at 0.7 H:P ratio, scan 

rate 20 mVs
-1

. 
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5.3.3 Microscopic characterization of PPD/Au/HRP/PANI microelectrode 

arrays 

 

The SEM images are displayed in Figure 5.35 further approved the Au 

particles deposition on the PPD modified electrode, the HRP/PANI thin film is 

presented. The HRP/PANI covered Au particles are presented consists of the Au 

particle originated on the membrane pores. This might suggest that aniline/HRP 

polymerization is initiated on the Au particles. The quite similar in the particle size 

between bare Au particle and HRP/PANI covered microelectrode arrays is suggested 

the very thin HRP/PANI film was electrodeposited on the modified microelectrode 

arrays. 

 

. 
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(a) 

 

(b) 

 

Figure 5.35 Scanning electron micrographs of and PPD/HRP/PANI microelectrode 

arrays.  
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5.4 The comparison between PPD/HRP/PANI and PPD/Au/HRP/PANI 

microelectrode arrays 

Throughout this research, an achievement of fabricated microelectrode arrays 

using sonochemical ablation techniques has been described. The parallel development 

of a PPD/HRP/PANI mocroelectrode arrays, coupled with PPD/Au/HRP/PANI 

mocroelectrode arrays, is of prime importance to maintain the advantages the 

microelectrode arrays. This part is presented the comparative area which is often 

overlooked when considering the commercialisation of such devices. This is including 

the comparison in an electrochemical analysis, reusability, and reproducibility. These 

are significantly parameters are sought to support the advantages of this fabrication 

method and the microelectrode arrays device. 

 

5.4.1 An electrochemical analysis comparison 

 

Linear sweep voltammograms were applied for both PPD/HRP/PANI and 

PPD/Au/HRP/PANI microelectrode arrays had shown in previous sections. The 

measurements of phenol in aqueous solutions were tested for their response to a range 

of phenol concentrations 1x 10
-15

 – 1 x 10
-3

 M. The 50 mV peak current for both types 

of microelectrode arrays is presented in Figure 5.36. Obviously, the PPD/Au/ 

HRP/PANI microelectrode arrays responses appeared higher measurements for the 

amount of phenol presented in the sample than the PPD/HRP/PANI microelectrode 

arrays, approximately 74.38% in average. The explanation for the enhanced precision 

observed by the Au modified microelectrode arrays over the normal microelectrode 

arrays, since that the Au particles can improved the electron transfer rate between 

electrode and immobilized enzyme as act as the catalyst to increase the 

electrochemical reaction (Li et al., 2010). Thus the current response of the 

PPD/Au/HRP/PANI microelectrode arrays was effectively increased. Furthermore, 

the Au particles are help improving the electrochemical response. Since an increasing 

in surface area of the microelectrode by depositing the particles, the surface 

concentration of an electroactive species may increase which meaning to increasing 
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the peak current explanation by using Faraday‘s law from an equation 5.1 (Yin et al., 

2009).  

 

   𝐼𝑃 =  
𝑛2𝐹2𝐴Γ𝜈

4𝑅𝑇
      (5.8) 

 

Where, IP is the peak current, A is an electrode surface area, ʋ is the scan 

rate, n is the number of electron, R is the universal gas constant, T is the Kelvin 

temperature, and F is the Faraday constant. 

Among the widely reported for the Au particles modified electrode, Yin 

(2009) reported the effect of Au particles on GC electrode to hydrogen peroxide 

detection by the similar enzyme as this research. The report presented that the Au 

particles can dramatically enhance electrochemical response of HRP, resulting an 

increasing redox currents. Furthermore, the gold particle was used for modified 

glucose biosensors compare with the non Au particle deposited, reported by Ozdemir 

(2010). The enhancing in the signal current was observed at the Au particles modified 

biosensors. 
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Figure 5.36The comparison between PPD/HRP/PANI and PPD/Au/HRP/PANI 

microelectrode arrays peak current at applied voltage 50 mV 
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5.4.2 Microelectrode arrays reusability  

 

Both the microelectrode arrays with PPD/HRP/PANI and 

PPD/Au/HRP/PANI are tested for reusability. The reusability of the microelectrode 

arrays are tested by conducting 10 linear sweep measurements and observing the 

decline in current response with the repeated uses. These tests are conducted under the 

same conditions as the previous linear sweep measurements by fixing the phenol 

concentration at 1 x 10
-6

 M. Between each trial, the electrode is rinsed with distilled 

water. After 10 measurements, the current at 1 x 10
-6

 M phenol are 58.94% and 

43.92% of the original current for PPD/HRP/PANI and PPD/Au/HRP/PANI 

microelectrode arrays, respectively (Figure 5.37 and Figure 5.38, respectively). The 

Au modified microelectrode arrays may occurred with higher turned over rate of 

enzyme, the 10
th

 uses current displayed lower current compared with none Au 

particles. For HRP biosensor from previous report, Panwittayakool (2008) found none 

current response of HRP biosensor was determined after the first using electrode. The 

enzyme leaking has been explained the previous result. Contrastingly in this research, 

the current responses were slightly determined.  
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(a) 

Figure 5.37 Reusability of PPD/HRP/PANI microelectrode arrays(b),the phenol 

samples (1x10
-6

 M) were analyzed repeatedly using single electrode. 
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Figure 5.38 Reusability of PPD/Au/HRP/PANI microelectrode arrays(b),the phenol 

samples (1x10
-6

 M) were analyzed repeatedly using single electrode. 
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5.5 Conclusion 

The development of horseradish peroxidase (HRP) microelectrode arrays for 

biosensor has been described. The PPD/HRP/PANI and PPD/Au/HRP/PANI 

microelectrode arrays were fabricated by sonochemically technique.  

The poly(o-phenylenediamine) (PPD) were initially deposited at a glassy 

carbon electrode by potentially cycling the electrode assembly until it became fully 

insulated by the polymer (50 potential cycles). Cyclic voltammograms relating to the 

electrodeposition of the film revealed the electropolymerisation as being a self-

regulating and thus highly reproducible process, since diminishing peak currents were 

observed as the electrode became progressively insulated by the film. The thickness 

of the film deposited upon the gold electrode was estimated via AFM to be 

approximately 29.53 nm.  

Microelectrode array assemblies were produced on the laboratory scale via the 

ultrasonic ablation of PPD film modified electrode. The ultrasonic ablation time was 

varied for the microelectrode arrays formation using the cyclic voltammetry. At 17.30 

min of sonication time presented the reversible sigmoidal shape , which expresses the 

microelectrode behaviour . At this time expounded the micron size (̴5 µm) and sub-

micron size (< 1 µm) of microelectrode arrays approximately with the population 

density 6 x 10
4
 and17 x 10

4
 pore cm

-2
, respectively. The reproducibility by using this 

method for microelectrode arrays fabrication was approximately found at 5.51%RSD.  

To achieve an enzyme microelectrode, HRP/PANI and HRP/Au/PANI were 

later electrodeposited on microelectrode surfaces. Spherical Au particles of around 1 

m were obtained by electrodeposition of Au ions onto microelectrode surfaces. 

Incorporation of Au in HRP/PANI matrix was postulated to enhance interfacial areas 

for HRP adsorption as well as functioned as electron conducting pathways between 

the redox HRP and electrode surface. The significant improvement of microelectrode 

performances was achieved. Microelectrode arrays incorporated with Au resulted in 

approximately 74.38 % higher response current in comparison to those without 

particles. Satisfactory linear ranges were also determined from 1x10
-15

 to 1x10
-6

, and 

1 x 10
-15

 to 1 x 10
-3

 M phenol concentration (on a semi-log scale) for PPD/HRP/PANI 

and PPD/HRP/Au/PANI microelectrode arrays, respectively. In the term of 
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reusability, after 10 measurements, the current responses were 58.94% and 43.92% of 

the original current for those PPD/HRP/PANI and PPD/Au/HRP/PANI 

microelectrode arrays, respectively. Sonochemically fabricated enzyme/Au particles 

microelectrode arrays showed high potentials for biosensor applications. 

5.6 Suggestion for future work 

 

This research has been development of enzyme HRP microelectrode arrays for 

biosensor by using the sonochemical ablation which gave an approximately 5 % RSD. 

To achieve this reproducibility the fixing position of electrode was found significantly 

important, since a little change in position may effect. Moreover, the using 

homogeneous ultrasonic tank may clarify this effect. 

Furthermore, the enzyme enhancement mechanism for the low detection limit 

and nonlinear relationship of microelectrode arrays 

 

For further microelectrode arrays study, improving of the microelectrode 

performance would be beneficial in either enzyme biosensor or other sensor field. 

This research may be the prototype to another microelectrode arrays study.  
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APPENDIX A 

PRE EXPERIMENTATION 

 

A.1  oPD electrodeposition on GC electrode 

The 1,2 phenylenediamine dihydrochloride (oPD) was electropolymerised on 

GC electrode by potential sweep between 0 and 1000 mV versus Ag/AgCl (Reference 

electrode) and Pt (Counter electrode) at various scan rate (10, 20, 30, 40, and 50 mVs
-

1
). Then, the PPD coated electrode was dried for 2 hours and rinsed with demonized 

water for remove unpolymerized molecules. The cyclic voltammogram was applied 

by  the PPD coated electrode was immerse in 5 mM ferri/ferro cyanide which was 

prepared in phosphate buffer (pH 7.4) and measuring the current between -1000 and 

1000 mV versus Ag/AgCl and Pt electrode with scan rate 20  mVs
-1

. 

The effect of various scan rates was determined for electropolymerization of 

PPD on GC electrode in the first place. Cyclic voltammogram is shown in Figure A.1. 

The voltammogram from various scan rates is quite similar in the most conditions. 

Meanwhile, the voltammogram at scan rate 50 mVs
-1

 was different from others. This 

might be because of at this mode had a faster scan rate than others the polymerization 

process was not suitable to form the polymer thin film.  Additionally, the Fe
3+

 peak 

current at about 0.35 V in different scan rate is shown in the Figure A.2. At scan rate 

10 and 20 mVs
-1

 are shown the low peak current, while another scan rates are 

presented higher peak current. Since the elecetropolymerization at scan rate 10 mVs
-1

 

is taken very long time, the scan rate 20 mVs
-1

 is applied for the polymerization in all 

case. 
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 Figure A.1 Cyclic voltammogram of PPD coated GC electrode for 50 cycles at scan 

rate 10 (a), 20 (b), 30 (c), 40 (d), and 50 mVs
-1

 (e) in 5 mM ferri/ferro 

cyanide.  

 

 

 

(e) 
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Figure A.2 The relation between the peak current at 0.35 V of the forward scan in 5 

mM ferri/ferro cyanide at various scan rates. 

 

 In electropolymerization process of thin film, the number of electrodeposition 

cycle is important for film formation. The 10, 30, 50, and 70 cycle were studied for 

PPD coated at scan rate 50 mVs
-1

 on GC electrode. Figure A.3 is shown the cyclic 

voltammogram of these processes in 5 mM ferri/ferro cyanide. Even though the 

voltammogram are quite similar, but the peaks current are different (Figure A.4). The 

lower polymerization cycle (10 cycles) presented the higher peak current. This 

possibly because of the polymerization was not perfect at low polymerization cycle. 

Nevertheless at higher polymerization cycle (70 cycles) achieved slightly higher peak 

current than 50 cycles, at the 50 polymmerization cycle seem to be the suitable cycle 

for PPD polymerization. Because at higher polymerization cycle the polymerization 

time is much longer but obtained the same peak current 
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Figure A.3 Cyclic voltammogram of PPD coated GC electrode for 10 cycles (a), 30 

cycles (b), 50 cycles(c), and 70 cycle (d) at scan rate 20  mVs
-1

 in 5 mM 

ferri/ferro cyanide. 

(c) 

(d) 
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Figure A.4 The relation between peak current at 0.35 V of forward scan and the 

number of cycle in 5 mM ferri/ferro cyanide at scan rate 20  mVs
-1

. 

 

The oPD concentration was the next parameter for the polymerization process. 

Six oPD concentrations are investigated in this process. The cyclic voltammograms 

are not shown in this report. Moreover, the relation between peak current at 0.35 V 

and the disparate concentration is shown in Figure A.5. Although the smallest peak 

current was obtained at 0.5 mM monomer, at 5 mM of monomer is the appropriate 

concentration for polymerization. This due to the stationary peak current is acquired 

between 1 and 10 mM of monomer concentration. Furthermore, the higher peaks 

current are presented at higher concentrations which are possibly because of the 

electrochemistry measurement error. However, the high concentration polymerization 

was not the asset condition in this process. 
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Figure A.5 The relation between peak current at 0.35 V of forward scan and the 

monomer concentration  in 5 mM ferri/ferro cyanide at scan rate 20  mVs
-1

. 

 

Summary 

The applicable condition for 1,2 phenylenediamine dihydrochloride (oPD) 

polymerization is at 5 mM of monomer for 20 cycles at scan rate 20 mVs
-1

. For cyclic 

voltammogram determination, the 5 mM ferri/ferro cyanide was applied at scan rate 

20 mVs
-1

. 
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