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CHAPTER I 
 

INTRODUCTION 

 

 

1.1  Introduction 

 

 Nowadays, nanotechnology is playing an increasingly important role in the 

development of electrochemical sensors, biosensors, and immunosensors.  

Nanomaterials, or matrices with at least one of their dimensions ranging in scale from 

1 to 100 nm, display unique physical and chemical features such as the quantum size 

effect, mini size effect, surface effect and macro-quantum tunnel effect.  Classified by 

shape and structure, nanomaterials are quantum dots, nanotubes, nanofibers, 

nanobiomaterials of antibodies, and bacteria molecules.  Immunosensors provide a 

simple and powerful tool for nanobiomaterials analysis of antibody or antigen 

molecules which can be applied to screening or even to quantitative method in 

relevant areas such as clinical, toxicological, and environmental monitoring. 
 

In recent years, immunoassay has become an important analytical technique.  

Enzyme immunoassay is an analytical technique that relies on a specific immuno-

interaction to quantitatively determine antibody or antigen present in an analyte by 

measuring the activity of an enzyme label conjugated to either the antibody or the 

antigen [1]. 

 

One of nanobiomaterials, Immunoglobulin G (IgG) is an antibody with a 150 

kD monomer that constitutes approximately 75% of the total circulating 

immunoglobulin.  Immunologically, IgG plays a major role in elimination of 

microbes by facilitating: (i) opsonization by phagocytes; (ii) antibody-dependent cell 

mediated cytotoxicity by natural killer cells; (iii) complement activation; and (iv) 

neutralization of viruses and toxins.  Therefore, IgG is very well known as a model of 

immunosensor for use in comparison with other methods. Immunosensors have 

become an important feature of analytical technique.  The choice of an enzyme 

immunosensor is based on the determination of the enzyme as a label [1]. The main 

advantage of using enzyme label is the remarkable signal amplification that can be 
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gained from the high turnover of enzyme product molecules.  One of the excellent 

labeling enzymes currently in wide use for immunoassay is alkaline phosphatase 

(orthophosphoric monoester phosphohydrolase, ALP) [2].  Investigated for more than 

70 years, ALP easily conjugates to haptens, antibodies, and other proteins, and has a 

high turnover number and broad substrate specificity. 
 

 Different substrates for ALP have been investigated in different detection 

systems such as spectrophotometry, fluorescence, chemiluminescence, 

bioluminescence, and electrochemistry.   In electrochemical immunosensors, an ALP 

enzyme is used to generate organic electroactive products most of which can be 

detected and quantified.  The electrochemical detector is generally sensitive and rapid 

for the redox reaction of the product of the enzyme hydrolysis of an ALP substrate.  

Several substrates for electroanalysis have been studied in immunoassays involving 

these enzymes such as catechol monophosphate, 3-indoyl phosphate (IP), 

hydroquinone diphosphate (HQDP), 4-nitrophenol phosphate (NPP), p-aminophenyl 

phosphate (APP), 1-naphthyl phosphate (NTP), phenyl phosphate (PheP), and 2-

phospho-L-ascorbic acid (AAP).  During the enzymatic process, these substrates are 

converted to electrochemical active species such as catechol, indigo carmine (IC), 

hydroquinone (HQ), 4-nitrophenol (NP), 4-aminophenol (AP), 1-naphthol (NT), 

phenol (Phe), and L-ascorbic acid (AA). 
 

Electrochemical immunosensors, which combine specific immunoreactions 

with electrochemical transduction, have grown attention in recent years.  Different 

electrode materials have been used for electrochemical immunosensors, including 

glassy carbon (GC) [3, 4], graphite [5], platinum [6, 7], screen-printed carbon (SPC) 

[7-13], iridium oxide [14], and gold (Au) [3, 7, 13]. The surface modified electrodes 

allow highly dense immobilization of biomolecules, long-term stability of attached 

biomolecules, low non-specific binding, and proper biomolecular orientation that 

permit simple and rapid specific interactions. 
 

Au base is very good for using with self-assembled monolayers (SAM) as the 

base of the covalent bonding immunosensor with because of strong bonding between 

the Au surface and SAM and the ease of changing the Au surface to a COOH group.  

Therefore, SAMs of thiol are widely used as a scaffold to immobilize the primary 

antibody on Au surface.   In this research, we also used a mixed SAM monolayer 
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modified on a Au electrode to convert the functional group on Au surface to carboxyl 

groups, which are used for forming the covalent bond with antibodies.  Not only 

mixed SAM monolayer, but also the conduction of polymer were used as bases of 

sandwich immunoassay.  Alternately, conducting polymers based on electrodes have 

gained increasing applications for the development of immunosensors. These 

polymers are poly(pyrrole),  poly(aniline), poly(5, 2′:5′2′′-terthiophene-3′-carboxylic 

acid), and poly(anionic perfluorosulfonated Nafion).  Five main factors involved in 

the design of sensitive immunoassay are the orientation of the immobilized primary 

antibody, the format of the assay, the type of label used, the method of detection, and 

the minimization of non-specific binding. 
 

Poly-o-aminobenzoic acid (poly-o-ABA), the derivative of polyaniline, was 

selected to be the base of covalent bonding for the immobilized primary antibody and 

was prepared by electropolymerization at the electrode surface.  In previous studies, 

the electropolymerized o-ABA synthesis at Au, platinum, and GC were reported.  

These studies found that, the FTIR results showed carboxyl groups on the electrode 

surface, which were necessary for covalent bonding with the primary antibody. 
 

For the new electrode material, boron-doped diamond (BDD) has many 

outstanding properties when compared to other electrode materials, including its 

physicochemical stability, wide electrochemical potential window, low background 

current, semimetallic electronic behavior, and chemical sensitivity [15].  This 

versatility makes BDD an excellent candidate for electrochemical uses with 

biochemical applications [16-18].  Immunosensing, a combination of specific 

immunoreaction with sensitive optical or electrochemical transduction, has attracted 

great attention due to its high sensitivity and specificity [6, 19, 20].  However, 

immobilization of biomolecules or proteins at BDD requires surface activation step 

since the inert nature of the diamond surface does not permit BDD to have stable and 

covalent bonds with any molecules [9, 21, 22].  The presence of a surface linker, such 

as carboxyl group or amine group, is needed for covalent bonding with the proteins. 

Polymerization at the BDD electrode can provide freely accessible carboxyl groups, 

which can also be used as a base for a biosensor.  Gu group [8, 13] reported the 

impedimetric sensing of DNA hybridization on a polyaniline/polyacrylate 

(PANI/PAA)-modified BDD electrode. An ultrathin film of PANI/PAA copolymer 
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was electropolymerized onto the diamond surface to provide carboxylic groups for 

conjugation with DNA sensing probes.  However, there has been only one report on 

the development of the BDD immunosensor in which impedancemetric detection of 

antigens was investigated [4]. 
 

This research aims to critically compare different substrates and products of 

the ALP enzymatic reaction towards the development of a sensitive electrochemical 

immunosensor.  The seven products of substrates for the ALP reaction have been 

investigated by cyclic voltammetry and amperometry with three electrode materials 

which are Au disk, GC disk, and SPC.  In addition, the best substrate was applied to 

classical amperometric immunosensors based on covalent bonding from SAMs in 

comparison with that of novel poly-o-ABA at Au electrode material.  The poly-o-

ABA base for covalent bonding immunosensors produces a higher signal.  Therefore, 

this polymer was developed for the other electrode materials: GC disk, GC plate, SPC, 

and BDD for MIgG immunosensors.  Poly-o-ABA-modified electrode surfaces can 

abundantly have carboxyl groups on the polymer surfaces, leading to fast and reliable 

amperometric responses. This research reports the investigation of amperometric 

immunosensors of protein attached with carboxyl groups of the modified electrodes. 

Poly-o-ABA was electropolymerized by simple cyclic voltammetry to generate 

carboxyl groups for the base of immunosensor at the electrode surface.  Anti-mouse 

IgG (GaMIgG) has been used as a model antibody to be covalently immobilized with 

poly-o-ABA modified electrodes whereas mouse IgG (MIgG) was used as an antigen 

target for the detection. ALP conjugated GaMIgG was used as an enzyme label to 

prepare a sandwich type immunoassay.  ALP assay using electrochemical detection 

has been reported [23, 24].  In this work, the ALP substrate with the highest product 

signal was selected.  Conversion of the ALP substrate to its product will give an 

electrochemical signal relative to the quantity of the antigen target.  The method was 

shown to be reproducible and very low detection limit was achieved.  Application of 

the method to real sample analysis is also demonstrated.  
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1.2  Objectives of the research 

 

MIgG is one of the interesting nanobiomolecules among nanomaterials.  This 

research aims were fabricating and developing the sensitive amperometric 

immunosensor for MIgG detection using a sandwich immunoassay system.  ALP was 

the chosen enzyme label.  Seven products of ALP substrates were investigated to 

obtain the most effective substrate for amperometric immunosensor.  In this research, 

conductive polymer and SAM were characterized and optimized as immunosensor 

bases.  In addition, the best quality MIgG immunosensor was applied for a real 

sample analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



CHAPTER II 
 

THEORY AND LITERATURE SURVEY 

 

 

2.1  Nanomaterials 

 

 Nanotechnology deals with small structures or small-sized materials.  The 

typical dimension spans from subnanometer to several hundred nanometers.  A 

nanometer (nm) is one billionth of a meter, or 10-9 m.  Fig. 2.1 gives a partial list of 

nanostructures with their typical ranges of dimensions.  One nm is approximately the 

length equivalent to 10 hydrogen or 5 silicon atoms aligned in a line. 

 

 
Figure 2.1  Nanotechnology scale 

 

 Nanotechnology is playing an increasingly important role in the development 

of electrochemical sensors and biosensors. Sensitivity and other attributes of 

biosensors can be improved by using nanomaterials in their construction. 

Nanomaterials, or matrices with at least one of their dimensions ranging in scale from 

1 to 100 nm, display unique physical and chemical features because of their effects 

such as quantum size effect, mini-size effect, surface effect, and macro-quantum 

tunnel effect. Nanomaterials can be classified by shape and structure such as 

nanoparticles, nanotubes, nanofibers, nanorods, nanowires, and thin films. The 

nanobiomolecule of the antibody is also explained in this thesis. 
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2.2  Immunoglobulin [25, 26] 

 

Serum contains a variety of proteins, some of which are called globulins.  

Their solubility properties are different from the other serum proteins. Antibodies are 

a subclass of serum globulins that possess selective binding properties. Antibodies are 

also called immunoglobulins (Ig). 
 

All Igs have a number of structural features in common.  They possess two 

light polypeptide chains with approximate molecular weights of 25 kDa and two 

heavy polypeptide chains of 50 kDa each. These four chains are bound together in a 

single antibody molecule by disulfide bonds and form a Y-shape with a central axis of 

symmetry (Fig. 2.2). The two halves of a natural Ig are identical. The N-terminal ends 

of the light polypeptide chains (L) occur near the top of the Y structure in the so-

called Fab fragments. These area are the antigen-binding fragments of the antibody 

and have been cleaved and used in immunoassays based on primary antigen-antibody 

interactions in the same manner as a whole antibody molecule is used. It is the amino 

acid sequence of these N-terminal ends that determine the specific antigen-binding 

properties of the molecule. The sequence of the heavy chains (H) called Fc fragments 

(crystallizable fragments) determines the antibody class: the highly abundant classes 

are called IgG, IgM, IgA, IgE, and IgD. Antibodies in different classes may have 

exactly the same antigen binding properties, but exhibit different functional properties. 

The abundance and functional properties of the five major classes of antibodies are 

listed in Fig. 2.3 and Table 2.1. 
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Figure 2.2  General structure of an antibody molecule (Ig). Monomeric Ig molecule 

consists of two identical light chains covalently linked to two identical heavy chains. 

 

 

 
Figure 2.3  Properties of Ig isotypes



Table 2.1  Biological properties of Ig isotypes 

 IgG IgA IgM IgD IgE 

[Serum] (mg/dl) ~1200 ~100 ~150 Negligible Negligible 

Percent of Total Serum Ig   ~80 ~14 ~7 Negligible Negligible 

Form in Serum (typical)  Monomer Monomer, Dimer Pentamer Monomer Monomer 

Molecular Weight (kD)  ~150 ~160 (Monomer) ~900 ~180 ~200 

% Carbohydrate  ~3 ~7 ~10 ~10 ~12 

Covalent Attachments  – J chain Secretory 
Component 

J Chain – – 

Distribution  Vascular   
(intra and extra) 

Vascular (intra) + 
Mucosa 

Vascular (intra) Membrane 
(naive B cells) 

FcεR on Mast cells, 
Basophils 

Subclasses  4 2 – – – 

Allotypes  20 (Gm) 2 (Am) – – – 

# Fabs (Valence)  2 2 or 4 10 2 2 

Milk and Colostrum  + +++ – – – 

Placental Transfer  ++ – – – – 

Agglutinating Capability  + + (Monomer) +++ – – 

Complement Activation  
(Classical Pathway) 

+ (not IgG4) – +++ – – 

Complement Activation  
(Alternative Pathway) 

– Aggregated Form – – – 

Reaginic Antibody  
(Allergic Activity) 

– – – – +++ 

Half Life  
 

IgG 1,2,4 ~ 21 days 
IgG3        ~ 7 days 

~ 5 days ~ 5 days ~3 days ~ 2 days (unbound) 

chula
Text Box
9
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Immunoglobulin G (IgG) is a 150 kD monomer (Fig. 2.2 and Table 2.1) that 

constitutes approximately 75% of the total circulating Ig. IgG circulates between 

blood and interstitial fluid [~12 mg/ml] with a half-life of about three weeks.  IgG 

antibodies can be transported across the placenta and enter the fetal circulation so that 

the mother’s immunity is transferred to the fetus. Immunologically, IgG plays a major 

role in elimination of microbes by facilitating: 
 

(i) opsonization which refers to phagocytosis that is triggered 

following binding of the Fc region of antibodies, bound by the pathogen, to FcγR on 

phagocytes. 
 

(ii) antibody-dependent cell mediated cytotoxicity which refers to the 

process by which natural killer cells interact with, and destroy, target cells coated with 

antigen specific IgG. Natural killer cells express a low affinity towards FcγR whose 

interaction with target cell-bound IgG triggers the release of molecules cytotoxic to 

target cells. 
 

(iii) complement activation which requires that IgG is a component of 

an immune complex. A complement protein binds the IgG complex and triggers the 

activation of the complement cascade. 
 

(iv) neutralization of viruses or toxins which results when IgG 

antibody binds antigen to inhibit the antigen’s ability to bind with a cell surface 

receptor. 
 

In humans, IgG is further subclassified as IgG1, IgG2, IgG3, and IgG4, 

differing from one another in their constant regions. Because biological potential is 

mediated via the Fc portion of IgG, it is not surprising that minor differences in 

function are observed among subtypes, including differences in serum concentration, 

half life, and relative biological potency. IgG1 is present in the highest concentration 

(9 mg/ml) whereas IgG4 is in the lowest (0.5 mg/ml). IgG3 has a half life of only one 

week, but it is the most effective (classic pathway) activator of complement of all IgG 

subtypes. IgG4 does not activate complement at all, nor does it bind to FcγR.  

 

 

 



 

 

11

2.3  Biosensor 

  

A biosensor is a device having a biological sensing element either intimately 

connected to or integrated within a transducer.  The aim is to produce a digital 

electronic signal, which is proportional to the concentration of a specific chemical or 

set of chemicals.   Biosensor instruments are specific, rapid, and simple to operate and 

can easily be fabricated with minimal sample pretreatment.  One definition of a 

biosensor is a sensing device that incorporates a biological entity (enzyme, antibody, 

bacteria tissue, etc.) as a fundamental part of the sensing process.   

 

Biosensor
Bioreceptor

BiosensorBiosensor
Bioreceptor

 
Figure 2.4 The conceptual diagram of biosensor combined with amplifier, signal 

processing, and readout devices 

 

Nowadays, the electrochemical biosensors have been widely used and 

rapidly developed in many laboratories. Three main types of electrochemical 

biosensors are classified as (i) potentiometric, (ii) amperometric and (iii) 

conductometric sensors.  For potentiometric sensors, when a local equilibrium is 

established at the sensor interface, where either the electrode or membrane potential is 

measured. Information about the composition of a sample is obtained from the 

potential difference between two electrodes. Amperometric sensors exploit the use of 

a potential applied between a reference and a working electrode, to cause the 

oxidation or reduction of an electroactive species; the resultant current is measured. 

While the conductometric sensors involve with the measurement of conductivity of 
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the solution between two electrodes. The adapted conceptual diagram of a general 

sensor is illustrated in Fig. 2.4, consisting of recognition and signal elaboration parts. 
 

Electrochemical sensors are becoming increasingly important in three main 

areas: (i) health care, (ii) industrial control process, and (iii) environmental 

monitoring.  In health care, samples might be blood, urine, gases, ions, oxidizable and 

reducible substances, and metabolites. Selected sensors are applied for indicating a 

patient’s metabolite state. Many substances such as sodium, potassium, calcium, 

insulin, and glucose have been considered in routinely diagnostic work within 

patients. 

 
2.3.1  Enzyme reaction 
 

Enzymes are amphoteric molecules containing a large number of 

acidic and basic functional groups, mainly situated on their surfaces. The alternation 

of surface charges depends on their dissociation constants, ionic strength, and pH. 

This will affect the reactivity of the catalytically active groups, which are especially 

important in the neighbourhood of the active sites. The changes in charges with pH 

affect the activity, structural stability, and solubility of the enzyme. 
 

The roughly 3,000 enzymes currently known are grouped into six main 

classes according to the type of catalyzed reaction.  At present, only a limited number 

are used for analytical purposes. 
 

2.3.1.1  Oxidoreductases catalyze redox reactions in which 

hydrogen atoms, oxygen atoms, or electrons are transferred between molecules. Their 

analytical importances are: 
 

- dehydrogenases catalyze hydrogen transfer from the 

substrate; S to an acceptor, A (which is not oxygen molecule): 
 

SH2  +  A          S  +  AH2                                     (2.1) 
 

- oxidases catalyze hydrogen transfer from the substrate to 

molecular oxygen:  
 

SH2  +  1/2O2   S  +  H2O               or                  (2.2) 
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SH2  +  O2    S  +  H2O2                                       (2.3) 
 

- oxygenases catalyze the oxidation of substrate by 

molecular oxygen with a hydrogen donor which may be the substrate itself: 
 

SH  +  DH2  +  O2   S-OH  +  D  +  H2O             (2.4) 
 

- peroxidases catalyze the oxidation of a substrate by 

hydrogen peroxide:  
 

 2SH  +  H2O2      2S  +  2H2O       or                (2.5) 
 

2S  +  2H+  +  H2O2    2S+  +  2H2O                       (2.6) 
 

2.3.1.2  Transferases catalyze the transfer of an atom or a group of 

atoms (e.g., acyl-, alkyl-, and glycosyl-) between two molecules, but some transfers 

(e.g., oxidoreductases and hydrolases) are classified in the other groups.  
 

      AX  +  B       A  + BX                                           (2.7) 
 

   2.3.1.3  Hydrolases catalyze the hydrolytic reactions and their reversal. 

This is presently the most commonly encountered class of enzymes within the field of 

enzyme technology.  They include esterases, glycosidases, lipases, and proteases.  For 

example; alkaline phosphatase (EC 3.1.1.1.3) undergoes the following reaction: 
 

RHPO4
- H2O

ALP
ROH H2PO4

-+ +                                     (2.8) 
 

  2.3.1.4  Lyases eliminate reactions in which a group of atoms is 

removed from the substrate. They include aldolases, decarboxylases, dehydratases, 

and some pectinases, but not hydrolases.  
 

2.3.1.5  Isomerases catalyze molecular isomerizations and includes the 

epimerases, racemases and intramolecular transferases.  
 

2.3.1.6  Ligases, also known as synthetases, form a relatively small 

group of enzymes which involve the formation of a covalent bond joining two 

molecules together.  
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2.3.2  Immunoassay [26] 
 

The classical chemical analysis paradigm used to identify and 

quantitate an analyte of interest includes isolation of the analyte, separation of the 

analyte from other potentially interfering substances, and quantitation by instrumental 

or other methods. These classical methods have many shortcomings including being 

highly labor intensive and requiring capital expenditures for expensive equipment (i.e., 

gas chromatographs, liquid chromatographs, mass spectrometers, or combination of 

these instruments).  In addition, recoveries during the separation and isolation phases 

of the paradigm may not be constant, and in some cases, may be associated with the 

level of analyte in the original sample, potentially yielding confounding systematic 

errors. Despite these shortcomings, however, with adequate control, classical 

chemical biological monitoring has the capacity to quantify the body burden of 

substances to the sub-ppb level.  Alternatives to classical chemical analyses are 

immunoassays.  
 

Immunoassays [27], especially enzyme immunoassays (EIAs) and 

enzyme-linked immunosorbent assays (ELISAs), are commonly used analytical 

techniques for clinical diagnostic measurements, drug screening, and measurements 

for evaluating exposure to environmental agents. The first ELISA was described in 

1971.  Recently, immunoassays have been shown to be useful in evaluating exposure 

to bioterrorism agents such as anthrax.  Immunoassays are based on the formation and 

detection of immune complexes between antigens and antibodies. Antigens are 

principally macromolecules (proteins, polysaccharides, nucleic acids) that can 

completely act as immunogens stimulating an immune response. Other substances are 

too small to act as immunogens on their own (drugs, pesticides, etc.) and must be 

coupled with a macromolecular carrier molecule (usually a protein) to become 

immunogenic and elicit an immune response. These small molecules are called 

haptens. Many environmental agents (such as pesticides and pesticide metabolites) are 

haptens.  The selection of the protein carrier used to form the hapten-protein 

conjugated immunogen is important.  The number of haptens bound to the carrier, the 

chemistry of the conjugation reactions, as well as other factors will all impact the final 

affinity and avidity of the resultant antibodies. The purity of the hapten is also 

important since the conjugation of closely related structures with the carrier may 

result in the formation of non-specific antibody. Spacer molecules are often used in 
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conjugation with haptens to attemptly increase the specificity of the antibody for the 

conjugated hapten. The ability of an antibody (Ab) molecule to bind an antigen (Ag) 

or a hapten is specifically controlled by structural and chemical interactions between 

the Ag and the Ab at the combining site. The Ag–Ab interaction is reversible and does 

not involve the formation of covalent bond. This interaction is controlled by the law 

of mass action: 
 

Ag + Ab      AgAb     (2.9) 

 

and                                                                      (2.10) 

 

where K is the affinity constant and AgAb is the Ag-Ab complex. High affinity 

constant, resulting from strong Ag-Ab interaction, lead to lower limits of detection 

(LOD) in immunoassays. 
 

ELISAs can be performed in many different formats (direct, indirect, 

capture, competitive, etc.). In the following descriptions, general overviews of ELISA 

formats are given. Many variations of these general formats have been utilized to 

detect numerous analytes, the details of which would be too exhaustive to be reviewed. 
 

-  In a direct ELISA (Fig. 2.5), the most basic ELISA format, 

an analyte (hapten, Ab, and Ag) is attached to a solid support.  An Ab, specific for the 

analyte and containing a reporter system (usually an enzyme), is incubated with the 

captured analyte. After washing, a chromogen (enzyme substrate) is added and 

allowed to react, forming a colored product.  
 

-  In an indirect ELISA (Fig. 2.5), an analyte (hapten, Ab, and 

Ag) is again attached to a solid support. A primary Ab, specific for the analyte, is 

incubated in the system and the excess is removed by washing. A secondary labeled 

Ab, specific for the primary Ab, is added to the system and incubated. After washing, 

chromogen is added and the color is measured by a spectrophotometer or other 

instrument. The amount of color produced is proportional to the amount of secondary 

Ab that was bound.  
 

In Fig. 2.5 shows the process of direct and indirect immunoassay.  In a 

direct assay (a), analyte (hapten, Ab, or Ag) is bound to a solid support (bead or 

K =
[AgAb]

[Ag] [Ab]
mol-1
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microplate).  Reporter labeled Ab is introduced to the immobilized analyte, forming 

an Ag-Ab complex. After washing, the concentration of analyte is measured by 

radiometric, colorimetric, or fluorometric detection of the reporter system. In an 

indirect format (b and c), primary Ab specific for the analyte is introduced to the 

solid-support bound analyte.  After washing, secondary Ab labeled with reporter, 

specific for the primary Ab, is added to the system.  The concentration of analyte is 

measured by radiometric, colorimetric, fluorometric, or amperometric detection of the 

reporter system. 
 

-  ELISAs may also be designed in capture format (Fig. 2.6). In 

an Ag capture (sometimes called sandwich) ELISA, an Ag is captured by specific Ab 

that has been attached to the solid support. After washing, another labeled Ab, 

specific for another epitope on the Ag, is added. After incubation and washing, 

chromogen is added and the resulting color is measured by a spectrophotometer. 

ELISAs may also be designed as Ab capture ELISAs that are performed in a similar 

fashion to Ag capture ELISAs, except that the analyte of interest is an Ab. Another 

format of ELISA is the competitive ELISA.  
 

-  In a competitive ELISA (Fig. 2.6), the analyte (either Ab or 

Ag) competes with labeled analyte for binding. With higher concentrations of analyte, 

less of the labeled analyte is bound, yielding the reduction of signal. In the 

modification of this format (blocking ELISA), an unlabeled analyte is added prior to 

the addition of the labeled analyte. 
 

In Fig. 2.6 shows the process of capture and competitive immunoassay. 

In an Ag capture (sandwich) assay, Ab, specific for the analyte, is bound to a solid 

support. Added analyte is bound by the first specific Ab (a). After washing, another 

reporter labeled Ab, specific for another epitope on the Ag, is added (b). 

Concentration of analyte is measured by radiometric, colorimetric, or fluorometric 

detection of the reporter system. In a competitive assay, analyte and a reporter labeled 

analyte are allowed to compete for binding sites with the immobilized Abs (c) and 

bind with Ab in relation to their relative concentrations (d). The concentration of 

analyte is measured by radiometric, colorimetric, fluorometric, or amperometric 

detection of the reporter system. With higher concentrations of analyte, less of the 

labeled analyte is bound yielding reduced signal. 
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In most ELISAs, Ag or Ab is coated onto microwell plates by 

electrostatic attraction and van der Waals force. The Ag or Ab is diluted in coating 

buffer to assist its immobilization on to the microplate. Commonly used coating 

solutions are sodium carbonate, Tris-HCl, and phosphate buffered saline. In order to 

minimize nonspecific binding to the microtiter plate, solution of protein is used for 

blocking the unbound sites. Commonly used blocking agents are bovine serum 

albumin, nonfat dry milk, casein, etc. 

 

 
Figure 2.5  Direct and indirect immunoassay 
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Figure 2.6 Capture and competitive immunoassay 

 

 2.3.3  Immobilization of biomolecules for biosensors 
 

  For biosensors, the preparation of biosensing surface is significantly 

important.  The surface is made up of enzymes, antibodies, microorganisms, 

mammalian cells, tissues, or receptors immobilized on to a solid surface.  A number 

of established immobilization procedures are currently used.  These include: 
 

  2.3.3.1  Physical adsorption on to a solid surface  
 

   Immobilization via physical attraction or adsorption is not a 

reproducible and reliable method for biomolecule attachment to sensing surfaces 

because of the problems associated with leaching during long-term storage.  Plastic, 

glass, and cellulose have been known to adsorb proteins via binding forces such as 

hydrogen bonds, van der Waals forces, salt linkages, and hydrophobic interactions.  

Such forces are not very stable and can be easily disrupted by changes in pH, 

temperature, and ionic strength.  Excess protein can also form multiple layers during 

adsorption.  The obvious advantages of adsorption as a mean of immobilization are 

simplicity and gentleness. 
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Figure 2.7  Physical adsorption on to a solid surface 

 

  2.3.3.2  Use of crosslinking reagent 
 

Stabilization of adsorbed proteins can be achieved by using 

bifunctional crosslinking reagent such as glutaraldehyde.  The proteins are crosslinked 

to each other or inert proteins such as bovine serum albumin can be mixed with the 

desired protein prior to crosslinking process.  This method adds greater stability to the 

immobilized protein, although inevitably, some inactivivation does occur since the 

crosslinking chemical may interact with the protein active site, especially the case of 

enzyme.  With respect to immunosensors, the Ab binding site may be blocked or 

incorrectly oriented causing less favor able condition for Ab-Ag binding.  Membranes 

can be cast on the electrode surface using this method. 
 

  2.3.3.3  Entrapment using a gel or polymer 
 

   Immobilization of biomolecules by physical entrapment in gel 

matrices such as polyacrylamide and gelatin is performed in this method. 

 

 
Figure 2.8  Entrapment using a gel or polymer 

 

  2.3.3.4  Use of membrane to retain the biomolecule close to the 

electrode surface 
  

   Membranes with various porosities can be used to retain 

molecules close to transducer surfaces without the need of actual immobilization.  

This gentle method of retention can, however, lead to problems such as diffusional 

resistance.  Selective membranes can also be employed in conjunction with 

potentiometric electrodes.  Ion-selective membranes, such NH4
+ selective membrane, 
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have been employed in conjunction with the enzyme urease for the measurement of 

urea. 
 

  2.3.3.5  Covalent attachment 
 

   Chemical coupling of biomolecules may provide stable 

biosensing surface that are resistant to wide ranges of pH, temperature, and interfering 

ions.  However, covalent binding can result in some loss in bioactivity.  Three types 

of supports have been used: inorganics, natural polymers, and synthetic polymers.  

The binding process must occur under conditions that do not denature the biomolecule.  

Often, the carrier must be activated in some way, and the introduced functional 

groups are then utilized for chemical coupling either directly to the biomolecule or via 

a crosslinking reagent such as glutaraldehyde. 

 

 
Figure 2.9  Covalent attachment 

 

 

2.4   Electrochemical methods [28, 29] 

 

The electrochemical techniques are classified by the International Union for 

Pure and Applied Chemistry (IUPAC) on the basis of their working principles. The 

different classes of electrochemical techniques are electrolytic, potentiometric, 

conductometric, polarographic or voltammetric, amperometric, impedimetric, and 

coulometric methods. In potentiometry, measurements are based on the equilibrium 

potential existing between a selective electrode and a reference electrode. The 

detection limit of this technique is in the range of micro molar. However, the 

detection limit of voltammetry is better than that of potentiometry, hence the latter 

technique can be used precisely for trace analysis. Although many electrochemical 

methods are available, only cyclic voltammetry, and amperometry are used 

thoroughly in the thesis. 

 



 

 

21

 2.4.1  Cyclic voltammetry 
   

Cyclic voltammetry is a completed voltage scan (y axis) versus time (x 

axis) in forward and backward directions, as shown in Fig. 2.10.  The voltage scan 

reverses the direction after the current maximum (peak) of the forward process has 

been passed. The backward scan gives signal in the opposite direction from the 

forward scan. This technique provides information about the properties and 

characteristics of the electrochemical process and also gives insight into any 

complicating side processes such as pre- and post-electron-transfer reactions as well 

as kinetic considerations. 
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Figure 2.10  Potential-time profile used for cyclic voltammetry. Solid line represents 

forward scan and dashed line represents backward scan. 

 

  Fig. 2.11 illustrates the shape of a reversible cyclic voltammogram 

with an electrode of fixed area.  The voltammogram is characterized by a peak 

potential, Ep, at which the current reaches its maximum value and that value is called 

the peak current, ip.  The ip,a and Ep,a are anodic peak current and anodic peak 

potential , respectively.  The ip,c and Ep,c are cathodic peak current and cathodic peak 

potential, respectively.   
 

  The peak current is given by the Randles-Sevcik equation 
 

ip = 2.69×105n3/2AD1/2Cν1/2   at 25 °C   (2.11) 
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where ip is in A, A (electrode area) is in cm2, D (diffusion coefficient) is in cm2 s–1, C 

(concentration of electroactive species) is in mol cm−3, and ν (scan rate) is in V s−1. 

 

 
Figure 2.11  Typical reversible cyclic voltammetry with the initial sweep direction 

towards more positive potential.  

 

  The useful parameter of the voltammetric curve is the half-peak 

potential, Ep/2, which is the potential at which the registered current reaches half of its 

maximum value and is used to characterize a voltammogram. For a reversible process, 

E1/2 is located halfway between Ep and Ep/2. The ratio of the peak current for the 

cathodic process relative to the peak current for the anodic process is equal to unity 

(ip,c/ip,a =1). To measure the peak current for the cathodic process, the extrapolated 

baseline going from the foot of the cathodic wave to the extension of this cathodic 

current beyond the peak must be used as a reference, as illustrated in Fig. 2.11. The 

difference in the peak potentials between the anodic and cathodic processes of the 

reversible reaction is given by: 
 

n
EEE 059.0

cp,ap,p =Δ−Δ=Δ
 
            (2.12) 

 

which provides a rapid and convenient means to determine the number of electrons 

involved in the electrochemical reaction. For a reversible system, ip is a linear 

function of ν1/2, and Ep is independent of ν. 
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 2.4.2  Amperometry 
 

  Amperometry is an electrochemical technique for the measurement of 

current when a fixed potential is applied on a working electrode. Heterogeneous 

electron transfer reactions, i.e., the oxidation and reduction of electroactive substance, 

take place on the working electrode. The reaction is considered as a set of equilibrium 

involving the diffusion of the reactant to the electrode, the reaction at the electrode, 

and the diffusion of the product away from the electrode surface into the bulk  

solution. 
 

  All amperometric determination ultimately depends upon Faraday’s 

law, 
 

 Q = nFN     (2.13) 
 

where Q is the number of coulombs used in converting N moles of material, n is the 

number of electron equivalent lost or gained in the transfer process per mole of 

material, and F is Faraday’s constant. Q is respect to current, i, by  
 

    
dt
dNnFAi

dt
dQ

==     (2.14) 

and mass transfer is given by 
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  Under controlled hydrodynamic conditions, the rate of the whole 

process is controlled by diffusion mass transfer. The diffusion current, id is directly 

proportional to the concentration of the electroactive substance, C: 
 

id = nFAD
δ
C       (2.16) 

 

where δ is thickness of the diffusion layer (being constant at a given convection).  

Low detection limit and wide linear measuring range are the main advantages of 

amperometry techniques. 
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2.5 Electrochemical cells 

 

 The three electrode system consisting of working, reference, and counter 

electrodes is commonly used for voltammetric, and amperometric techniques. The 

current or charge from the occurring reaction is measured at the electrochemical cell 

where the three electrodes are placed. 
   

 The placement of the electrodes is an important factor for the cell 

performance. The electrodes should be arranged in a way that: (i) provides a 

symmetrical electric field and uniform current distribution across the working 

electrode surface and (ii) minimizes the ohmic potential (iRu) drop between the 

working and the reference electrodes. 
 

 The first requirement can be satisfied by having a symmetrical arrangement of 

the working and counter electrodes. Planar electrodes placed parallel to each other, or 

cylindrical or spherical working electrodes placed in the center of concentric counter 

electrode are the suitable arrangements. The requirement of minimal iRu drop can be 

achieved by placing the tip of the reference electrode close to the working electrode. 

While the iRu drop between the reference and counter electrodes is corrected by the 

potentiostat, the iRu drop between the reference and working electrodes remains 

uncompensated, and therefore the actual working electrode potential can be in error. 

Althrough the iRu drop is usually small, the use of Luggin capillary, a device that 

effectively allows the placing of the reference electrode tip very close to the working 

electrode surface, is advisable for accurate work. As a general rule, it is recommended 

that the reference electrode should be placed close to the working electrode in a line 

between the working and counter electrodes. 
 

The design of the cell and the materials used in its construction must be 

chosen according to the nature of the sample and the experiments. Cells are usually 

constructed from glass or quartz. Advantages such as cost, high chemical resistance, 

impermeability, and transparency make glass the most convenient and satisfactory 

material.  For work with substances that react with glass, a range of polymers such as 

Teflon, Kel-F, Nylon, and polyethylene are suitable. 
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In its simplest form, an electrochemical cell is a beaker or similar container, 

with a plastic top which allows insertion of the three electrodes as displayed in Fig. 

2.12. There is normally a fourth hole to allow the introduction of a nitrogen gas line. 

Purging the solution with nitrogen to eliminate oxygen is usually necessary, 

particularly for the monitoring of processes at negative potentials. 

 

N2

RE WE CE

N2

RE WE CE

 
 

Figure 2.12  Schematic diagram of electrochemical cell. WE, CE, and RE are 

working, counter, and reference electrodes, respectively. N2 is nitrogen gas. 

 

 

2.6  Working electrode 

 

The performance of the voltammetric procedure is strongly influenced by the 

material of the working electrode.  The working electrode should provide high signal-

to-noise characteristic, as well as reproducible response.  Thus, its selection depends 

primarily on two factors: the redox behavior of the target analyte and the background 

current over the potential region required for the measurement.  Other considerations 

include the potential, electrical conductivity, surface reproducibility, mechanical 

properties, cost, availability, and toxicity.  A range of materials have been applied as 

working electrodes for electroanalysis.  The most popular materials are those 

involving mercury, carbon, and noble metals (particularly platinum and gold).  This 

research will focus on using carbon and metal electrodes. 
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 2.6.1  Carbon electrode 
 

Carbon exists in various conductive forms and its electron transfer 

kinetics depends on structure and surface preparation.  Electrochemical reactions at 

carbon are normally slower than those of metallic electrodes.  Carbon is the most 

commonly used electrode material in electroanalytical chemistry and it is available in 

a variety of microstructures: graphite, glassy carbon, carbon fiber, nanotube, 

amorphous powders, and diamond. They are all sp2 carbons, except the diamond 

electrode which contains sp3 carbons.   
 

2.6.1.1 Glassy carbon (GC) 
 

Glassy carbon (GC), also referred to as vitreous carbon, is the 

most commonly used carbon electrode for electroanalysis. It is available in a variety 

of architectures including rods, disks, and plates.  GC is hard and microstructurally 

isotropic (same properties in all directions).  The manufacture of GC consists of 

carbonization by heating phenol/formaldehyde polymers or polyacrylonitrile between 

1,000๐C and 3,000๐C under pressure.  Two peaks are present in the Raman spectrum 

for GC at 1,350 and 1,580 cm-1 with the ratio of the two peaks reflecting the extent of 

microstructural disorder.  Since GC has some amorphous characteristics, as in Fig. 

2.13, it is not always homogeneous.  Typical 1,350-to-1,580 cm-1 peak intensity ratios 

are in the range of 1.3-1.5. The material possesses a complex surface chemistry 

consisting of various types of carbon–oxygen functional groups at the graphitic-edge-

plane sites.  

 

 
Figure 2.13  Representation of the ribbon structure of GC and the open-pore structure 

of vitreous carbon foam (adapted from [30]) 
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2.6.1.2 Screen-printed carbon (SPC) 
 

Screen-printing technology is a technique often used in the 

fabrication of electrodes for the development of disposable electrochemical 

biosensors [31]. A screen printed electrode is a planar device based on multiple layers 

of a graphite-powder-based ink printed on a polyimide, plastic, epoxy or alumina 

ceramic substrates. Graphite’s structure is shown in Fig. 2.14. The advantages of 

designable techniques, adapted from microelectronics, have made screen-printing 

technology one of the most important technique for fabrication of single-use 

biosensors in the market of handheld instruments. The main advantages of the screen 

printed electrode include simplicity, versatility, modest cost, portability, ease of 

operation, reliability, small size, and mass production capabilities, which lead to its 

development in various applications in the electroanalytical field. 

 

 
Figure 2.14  Crystal structure of graphite showing ABAB stacking sequence and unit 

cell (adapted from [30]) 

 

2.6.1.3 Boron-doped diamond (BDD) [15, 29] 
 

Electrically conducting diamond is a new type of carbon 

electrode material that is beginning to find widespread use in electroanalysis. The 

material possesses superior properties than other forms of carbon including (i) low 

and stable background current over a wide potential range, (ii) wide working potential 
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window in aqueous media, (iii) relatively rapid electron-transfer kinetics for several 

redox systems without conventional pretreatment, (iv) weak molecular adsorption, (v) 

dimensional stability and high corrosion resistance, and (vi) optical transparency. The 

material is now available from several commercial sources and is not overly 

expensive, as commonly perceived.  An SEM image of boron-doped crystalline 

diamond is shown in Fig. 2.15.   

 

 
Figure 2.15  SEM image of a boron-doped crystalline diamond thin film grown on Si 

 

Diamond is often grown as a thin film on a conducting 

substrate, such as highly doped Si, Mo, W, or Ti, using microwave plasma, hot-

filament, or combustion flame-assisted CVD methods. The most common method is 

microwave plasma CVD because of the commercial availability of such reactor 

systems. While the mechanisms of film growth are somewhat different among each 

methods, all of them serve to activate a carbonaceous source gas producing a growth 

precursor in close proximity to the substrate surface. A typical CVD reactor consists 

of the growth chamber and equipment associated with the particular activation 

method (e.g., microwave power source) as well as various accessories such as mass 

flow controllers for regulating the source gases, a throttle exhaust value and controller 

for regulating the system pressure, a pumping system, temperature measurement 

capability, and the gas handling system for supplying the source gases. A block 

diagram of a typical CVD system is shown in Fig. 2.16. In the case of microwave 

assisted CVD, the microwave energy from the generator is pointed to, and focused 

within, a quartz cavity producing a spherically shaped, glow-discharge plasma 

directly above the substrate. The substrate can be positioned either outside of (few 
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mm), or immersed within, the intense discharge region. The plasma is where the 

reactive species involved in the diamond growth are formed. The key deposition 

parameters are the source gas composition, microwave power, system pressure, and 

substrate temperature. 

 

 
Figure 2.16  Block diagram of a typical microwave plasma CVD reactor (adapted 

from [29]) 

 

Diamond is one of nature’s best electrical insulators.  In order 

to have sufficient electrical conductivity for electroanalytical measurements (<10 S 

cm-1), diamond films must be doped. The most common dopant is boron with doping 

levels in the 1 × 1,019 cm-3 range or greater, being the norm. The introduction of 

boron imparts p-type electrical properties to the film.  Other dopants have also been 

used, such as nitrogen, phosphorous, and sulfur, but all of them suffer from either low 

solubility or high activation energy. The boron can be added to the source gas mixture 

in the form of B2H6 or B(CH3)3. B2H6 is the preferred gas because B(CH3)3 adds not 

only boron, but also extra carbon to the source gas mixture.  This extra carbon can 

alter the film morphology and decrease the film quality. The electrically active boron 

is that which substitutionally inserts into the growing carbon lattice. The films are 

rendered electrically conducting through incorporation of boron dopant atoms during 

deposition even though the electrical conductivity depends in a complex manner on 

lattice hydrogen, defects, and dangling bonds, in addition to the boron doping level. 

For example, films can be doped as high as 1,021 cm-3 with little alteration of the 
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morphology or microstructure. Typical film resistivities are <0.05 Ω cm, carrier 

concentrations are 1,019 cm-3 or greater, and carrier mobilities are in the range of 0.1-

10 cm2 V-1 s-1.  So far, there have been a few studies of how to activate diamond 

electrodes for electron transfer. Actually, one of the interesting features of this 

electrode material is the fact that pretreatment is usually not required to achieve an 

“activated” electrode. The most active surface tends to be the hydrogen-terminated 

one. 

 

 2.6.2  Metal electrodes 
 

  While a wide choice of noble metals is available, platinum and gold 

are the most widely used metallic electrodes.  Such electrodes offer a very favorable 

electron-transfer kinetics and large anodic potential range.  In contrast, the low 

hydrogen overvoltage of these electrodes limit the cathodic potential window (to the     

-0.2 to -0.5 V region, depending upon the pH).  Another problem is the high 

background current associated with the formation of surface-oxide or adsorbed 

hydrogen layers.  The surface-layers problem is less severe in non-aqueous media 

where noble metals are often an ideal choice. 

 

 

2.7  Non-conducting polymers [29] 

 

Deposited on electrode surface, non-conducting polymers are not involved in 

electron transfer reactions and therefore partially or totally passivate the surface. 

However, these polymers are useful in constructing permselective films. These films 

are deposited on substrate surface by the same methods as other polymers: dip-coating, 

spin-coating, drop-casting, or electropolymerization. The most elegant and useful 

approach to construct a highly selective modified electrode using a non-conducting 

polymer film is molecular imprinting. 
 

The distinguishing feature of molecularly imprinted polymer films stems from 

the addition of a recognition molecule to the polymerization solution. During the 

reaction of a monomer, the recognition molecule becomes trapped within the newly 

formed polymer. After polymerization, the recognition molecule is removed, resulting 
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in structural voids with the structure that is complementary to the recognition 

molecule. Although imprinted polymer modified electrodes can be made using a 

nonconductive polymer template, the imprinting process is a general method.  Any 

type of polymer can, in principle, be used. 
 

The synthetic protocols needed to produce imprinted polymers have become 

significant is sues.  However, successful construction of an imprinted polymer 

modified electrode is extremely rewarding: obtaining sites having affinities 

comparable to antibodies may be possible. Unlike current biorecognition elements, 

the selectivity of the imprinted layer remains high in a variety of environments. This 

stability results from the robust nature of the polymeric material. Recently, 

combinatorial approaches are being utilized for optimization of synthetic protocols in 

order to overcome synthetic challenges of creating these films. 

 

 

2.8  Conducting polymers [28, 29, 32] 
  

Electronically conducting polymers (such as polypyrrole, polythiophene, and 

polyaniline) have attracted considerable attention due to their ability to switch 

reversibly between the positively charged conductive state and a neutral (essentially 

insulating) form as well as their capibility to incorporate and expel anionic species 

(from and to the surrounding solution) upon oxidation or reduction: 
 

P0 + A- P+A- + e-1
    (2.17) 

 

where P and A- represent the polymer and the dopant anion, respectively.  The lattice 

of polymer serves to maintain the electrical neutrality, that is, to counterbalance the 

positive charge of the polymer backbone.  The electrical conductivity of these films, 

which originates from the electronic structure of their polymeric backbone (i.e., 

electron hopping involving the delocalized π electrons), varies with the applied 

potential.  The structure of common conducting polymers and their conductivity 

ranges (from undoped to doped states) are displayed in Table 2.2.  The redox charges 

(equation 2.9) are not located at a specific center, but rather delocalized over a 

number of conducting polymer groups. 
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Conducting polymers show unusual electrochemical properties such as high 

electrical conductivity, low ionization potential, high electronic affinities, and optical 

properties. These properties arise from only conjugated p-electron backbones in 

conducting polymers. There must be a high degree of overlapping of the polymer 

molecular orbital, which permits the formation of a delocated molecular wave 

function and partial occupation of the molecular orbital if there is free movement of 

electrons throughout the lattice. 

 

Table 2.2  Simple conductive organic polymers (adapted from [28]) 
 

Structure MW Monomer 

Unit 

Conductivity (S cm-1) 

of the oxidized polymer 
 

  Polyacetylene 

26 

(13) 

3-1000 

Polyaniline 

 

91 

 

0.001-5 

Polypyrrole 

 

65 

 

0.3-100 

Polythiophene 

 

82 

 

2-150 

 

 

Conducting polymers exhibit intrinsic electronic conductivity ranging from 

about 10-14 to 102 S cm-1 due to the extension of the doped state as shown in Table 2.2. 

In the neutral (undoped) state, these materials are only semi-conductive and electronic 

conductivity only appears when the material is doped with small-sized ions (e.g., 

when electrons or holes are injected into the super orbital). This kind of doping is 

normally produced by chemical or electrochemical oxidation of the monomer, in 

which the polymer chains acquire positive charges and the electrical neutrality of the 
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resulting material is preserved by the incorporation of small counter ions from the 

electrolyte solution.  
 

The mechanism of electropolymerization of conductive polymers can be best 

explained by using polypyrrole as an example, as shown in Fig. 2.17. 

 
Figure 2.17  Mechanism of electropolymerization of polypyrrole 

 

 

2.9  Literature reviews 

 

 2.9.1  Substrates of ALP for amperometric immunosensors 
 

Alkaline phosphatase (o-phosphoric monoester phosphohydrolase; 

ALP) [2] is a common enzyme label used in immunoassays.  It is easily conjugated to 

haptens, antibodies, and other proteins.  Moreover, ALP has a high turnover number 

and broad substrate specificity.  Enzyme immunoassay is an analytical technique that 

relies on a specific immuno-interaction to quantitatively determine antibody or 

antigen present in an analyte by measuring the activity of an enzyme label conjugated 

to either the antibody or antigen [1].  The main advantage of using enzyme labels is 
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the remarkable signal amplification that may be gained from the high turnover of 

enzyme product molecules for each enzyme label. 
 

  Different substrates for ALP have been investigated in different 

detection systems such as spectrophotometry using fosfestrol [33], fluorescence using 

8-quinolyl phosphate [17] and 2-carboxy-1-naphthyl phosphate [18], 

chemiluminescence using lumiphos [16], bioluminescence using adenosine-3´-

phosphate-5´-phosphosulfate [19], and electrochemical detector using phenyl 

phosphate [6].  
 

  In electrochemical immunosensors, an ALP enzyme is used to generate 

organic electroactive products most of which can be detected and quantified.  This 

detector is generally sensitive and rapid for the redox reaction of the product of the 

enzyme hydrolysis of an ALP substrate.  Several substrates for electroanalysis have 

been studied in immunoassays involving these enzymes such as catechol 

monophosphate [20], 3-indoyl phosphate (IP) [9, 21, 22, 34], hydroquinone 

diphosphate (HQDP) [14], 4-nitrophenol phosphate (NPP) [4, 10, 35], p-aminophenyl 

phosphate (APP) [3-5, 7, 11, 12, 36], 1-naphthyl phosphate (NTP) [8, 12, 13], phenyl 

phosphate (PheP) [4, 11, 14, 37], and 2-phospho-L-ascorbic acid (AAP) [5, 7, 23].  

During the enzymatic process, these substrates are converted to electrochemical active 

species such as catechol, indigo carmine (IC), hydroquinone (HQ), 4-nitrophenol 

(NP), 4-aminophenol (AP), 1-naphthol (NT), phenol (Phe), and L-ascorbic acid (AA).   

 

2.9.2  Conducting polymer based for amperometric immunosensors 
 

The major challenge when using conducting polymers in the design of 

immunosensors with electrochemical transducers is to understand the mechanism of 

the electron transfer in a configuration that usually runs parallel to the charging of a 

double layer at the electrode surface and the mass transport processes at the polymer 

interface [38].  Over the last decade, biosensors have attracted much global attention 

and plenty of active research throughout the world is being dedicated to the 

development of new and novel immunosensors. Immunosensors have found many 

applications in every sphere of life. They find their use in diagnosis, biotechnology, 

genetic engineering, and environmental monitoring.  A crucial step in the design of 

immunosensors is the immobilization of immunoreagents onto the electrode surface. 
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This immobilization determines the quality of the immunosensor, mostly the 

reproducibility. Some strategies for the immobilization of immunoreagents on solid 

surfaces include physical adsorption [9, 13], entrapment in polymer matrix [36, 39, 

40], and covalent attachment [36, 41, 42].  The previously conducting polymers were 

constructed for electrochemical immunosensors, which are described in the literature 

summarized below. 
 

Tsuji and co-workers [43] constructed highly sensitive amperometric 

enzyme immunosensors for human immunoglobulin G (IgG), prepared on the basis of 

electrogenerated polytyramine (PTy, tyramine = p-(2-aminoethyl)-phenol) modified 

electrodes. This electrode provided a large surface area with little non-specific 

adsorption of proteins. By means of the competitive enzyme immunoassay technique 

using glucose oxidase (GOD) labeled IgG, IgG was determined from the oxidation 

current of H2O2 generated by the GOD reaction. 
 

Darain research group constructed the immunosensors for detection of 

rabbit IgG [44] and carp (Carassius auratus) Vitellogenin (Vtg) [45].  A conducting 

polymer, poly-terthiophene carboxylic acid, was the basis of these immunosensors 

and formed by electropolymerization on the surface of an SPC electrode. The group 

started from rabbit IgG detection and applied to carp Vitellogenin detection.  Both of 

immunosensors polymer bases were constructed using the same method, followed by 

horseradish peroxidase (HRP) and streptavidin covalently binding with the polymer 

on the electrode. Biotinylated antibodies were then immobilized on the electrode 

surface using avidin−biotin coupling. These sensors were based on the competitive 

assay between free and labeled antigen for the available binding sites of antibody. 

GOD was used as a label. In the presence of glucose, H2O2 formed by the analyte-

enzyme conjugate was reduced by the enzyme channeling via HRP bonded on the 

electrode. The catalytic current was monitored amperometrically at -0.35 V vs. 

Ag/AgCl. 
 

Ordonez and Fabregas [46] reported the preparation of polysulfone 

membrane for amperometric immunosensors monitoring at -0.1V vs. SCE.  This 

immunosensor based on a porous conducting polymer-graphite-polysulfone electrode 

has been developed using a phase inversion technique for the determination of anti-

rabbit IgG (anti-RIgG) and was based on the competitive assay between free and 
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labeled anti-RIgG for the available binding sites of immobilized rabbit IgG (RIgG).  

The immunological reaction was detected by using an enzymatic-labeling procedure 

(HRP enzyme) combined with the amperometric detection using H2O2 as a substrate 

and hydroquinone as a mediator. The immunosensor showed good reproducibility and 

high stability for a period of one week.  
 

Dong et al. [36] constructed an electrochemical immunosensor using 

an electropolymerized pyrrolepropylic acid (PPA) film with high porosity and 

hydrophilicity.  High density of carboxyl groups of PPA was used to covalently attach 

to protein probes, leading to significantly improved the detection sensitivity compared 

with the conventional entrapment method.  As a model, anti-mouse IgG was 

covalently immobilized or entrapped in the PPA film and used in a sandwich-type 

alkaline phosphatase-catalyzing amperometric immunoassay with p-aminophenyl 

phosphate as a substrate. 
 

Zhang et al. [42] described a simple, potentially low-cost, 

amperometric enzyme-amplified sandwich-type immunoassay for IgG monitoring.  

The assay utilizes a screen-printed carbon electrode on which a redox hydrogel and 

avidin were co-electrodeposited. To neutralize nonspecifically binding positively 

charged microdomains of the avidin, two polyanions, poly(acrylic acid-co-maleic 

acid) and poly(acrylic acid), were applied.  These polyanions bound to cysteine, 

lysine, or arginine functions of the avidin by electrostatical force as well as Michael 

addition. The electrode was then made specific for the analyte, for which rabbit IgG 

was chosen, by conjugating the film bound avidin to biotin-labeled anti-rabbit IgG. 

After exposure to the test solution and the capture of rabbit IgG, the sandwich was 

completed by conjugation of HRP-labeled anti-rabbit IgG. Electrical contact between 

the HRP and the electrode-bound hydrogel resulted in the formation of an 

electrocatalyst for the electroreduction of H2O2 to water. The application of the 

poly(acrylic acid-co-maleic acid) and the poly(acrylic acid) reduced the nonspecific 

adsorption-associated noise. 
 

Ionescu et al. [47] developed a novel copolymer modified 

amperometric immunosensor for the detection of cholera antitoxin (anti-CT) by the 

electropolymerization of pyrrole–biotin and pyrrole–lactitobionamide monomers on 

Pt and GC electrodes. For the detection of cholera antitoxin, they used three 
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enzymatic marker detection systems based on HRP-labeled rabbit IgG antibodies, 

biotinylated polyphenol oxidase (PPO-B), and biotinylated glucose oxidase (GOD-B). 

The comparison of the electro-enzymatic performances of these three configurations 

with different substrates clearly resulted in the sensitive amperometric immunosensor 

of anti-CT using the hydroquinone/H2O2 system. 
 

  In this research, the development of conductive polymer modified 

electrode is shown to offer substantial improvements in the stability and sensitivity of 

MIgG immunosensor.  Poly-o-ABA was used as the basis of covalent bonding 

between primary antibody and electrode surface.  Previously, the electropolymerized 

o-ABA synthesis at Au [24], Pt [48], and GC [49, 50] were reported.  

 

2.9.3  BDD material immunosensor 
 

Compared to other electrode materials, BDD has many outstanding 

properties such as physicochemical stability, wide electrochemical potential window, 

low background current, semimetallic electronic behavior, and chemical sensitivity 

[15, 51].  These versatile properties make BDD an excellent candidate for 

electrochemical use coupled with biochemical applications [52, 53].  On the other 

hand, immunosensing, a combination of specific immunoreaction with sensitive 

optical or electrochemical transduction, has attracted great attention due to its high 

sensitivity and specificity [54-56].  However, immobilization of a biomolecule or 

protein at BDD requires surface activation procedures since the inert nature of the 

original diamond surface does not allow BDD to have a stable and covalent bond with 

any molecule [57-59].  Surface linkers such as carboxyl groups and amine groups are 

needed to perform covalent bonding between BDD and the proteins. 
 

Many studies have used multiple steps for photochemically linking a 

vinyl group of allylamine [60], 2,2,2-trifluorine-N-9′-decenil acetamide [61], or 10-

aminodec-1-ene [62-64] to the diamond surface to introduce a homogeneous layer of 

amine groups which serve as binding sites for protein or DNA attachment. Coffinier 

and co-workers [65, 66] used site-specific α-oxo semicarbazone ligation for peptide 

conjugation. The active surface was prepared from the aminated surface, using NH3 

plasma treatment or photochemical reaction of aminopropyltriethoxysilane at the 

oxidized BDD surface, followed by the chemical reaction of the terminal amino 
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groups with triphosgene and Fmoc-protected hydrazine.  Zhang et al. [67] used direct 

amination on polycrystalline diamond to produce functionalized surfaces for DNA. 

The amination was conducted by UV irradiation of diamond in ammonia gas to 

generate amine groups directly. Ushizawa et al. and Huang and Chang [68, 69] 

reported that the oxidative-acid-treated diamond surface succeeded to bond covalently 

with protein and DNA. Zhou and Zhi [70] combined chemical and electrochemical 

modifications of BDD film with 4-nitrobenzenediazonium tetrafluoroborate to 

produce aminophenyl-modified BDD, followed by immobilizing tyrosinase 

covalently at the BDD surface via carbodiimide coupling.   
 

Polymerization at the BDD electrode can provide freely accessible 

carboxyl groups, which can also be used as the base of a biosensor. Gu group [71, 72] 

reported the impedimetric sensing of DNA hybridization on a 

polyaniline/polyacrylate (PANI/PAA)-modified BDD electrode. An ultrathin film of 

PANI/PAA copolymer was electropolymerized onto the diamond surfaces to provide 

carboxylic groups for conjugation to DNA sensing probes.  
 

However, to the best of our knowledge, only one report existed on the 

development of the BDD immunosensor [63].  The researchers investigated the 

electrical properties of the antibody-antigen modified diamond and silicon surfaces 

using electrical impedance spectroscopy (EIS).  Photochemical functionalization of 

silicon and diamond surfaces provides these surfaces with organic monolayers 

terminated with primary amine groups, which can then be used to covalently link 

antibodies to silicon and diamond surfaces. 
 

Therefore, in this research, the BDD immunosensor was studied and 

developed for mouse IgG determination by the construction of conductive poly-o-

ABA for changing BDD surfaces to carboxyl groups.  This functional group was used 

for covalent bonding with primary antibodies. 

 
 
 
 
 
 
 
 
 



 

CHAPTER III 
 

EXPERIMENTAL 

 

 
 Electrochemical instruments set-up, chemicals, materials, and electrode 

modification are explained thoroughly in this chapter.  

 

3.1  Instruments 

   

3.1.1  Electrode preparations 
 

The instruments for fabrication of BDD and SPC electrodes are listed 

in Table 3.1. 

 

Table 3.1  List of instruments for electrode preparations 
 

Instruments Details 

Microwave plasma chemical vapor   

     deposition system 

Astex Corp., Japan 

Semi-automatic screen printer Model SPM/B, MPM, Franklin, MA 
   

 

3.1.2  Electrochemical measurement for products of ALP substrates  
 

The products of ALP substrates were determined at GC disk, Au disk, 

and SPC electrodes by using many instruments.  All of them are listed in Table 3.2. 
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Table 3.2  List of instruments for the electrochemical measurement for products of 

ALP substrates 
 

Instruments Details 

μAutolab III analysis system with GPES  

     4.9 software 

Eco Chemie B. V., The Netherlands 

Conventional three-electrode  

     electrochemical cell 

1.5 mL, Home made 

Ag/AgCl  reference  

     electrode 

BAS, Japan 

Platinum wire Goodfellow, USA 

Gold disk electrode Au disk; 2 mm (i.d.), CH Instruments,  

     USA 

Glassy-carbon disk electrode GC disk; 3 mm (i.d.), CH Instruments,  

     USA 

Screen-printed carbon electrode  SPC; Home made 

Micro stir bar 2 (i.d.) × 7 (l) mm, Cole-Parmer, Japan 

   

 

3.1.3  The base of covalent bonding in immunoassay system 
 

  Two approaches, self-assembled monolayers (SAMs) of thiol and 

electropolymerization of o-ABA polymer, were used to prepare a base of covalent 

bonding between the electrode and the primary antibody.  All instruments for this 

work are listed in Tables 3.2 and 3.3.  

 

Table 3.3  List of instruments for the base of covalent bonding in the immunoassay 

system 
 

Instruments Details 

Glassy carbon plate electrode GC plate; Tokai Carbon, Tokyo, Japan 

Potentiostat Hokuto Denko, HSV-100,Japan 

Boron-doped diamond BDD; Home made 

Silicone rubber gasket 5 mm (i.d.), Japan 
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3.1.4  Characterization of poly-o-ABA  
 

  All instruments for this work are shown in Tables 3.4.  

 

Table 3.4  List of instruments for the characterization of poly-o-ABA 
 

Instruments Details 

X-ray photoelectronic spectroscopy 

     equipped with an MgKa X-ray source 

 XPS; Voltage 10 kV and emission 10    

      mA, JPS-9000MC, JEOL, Japan 

Scanning electron microscopy SEM; JSM-5400, JEOL, Japan 
   

 

3.1.5  Electrode immunosensors 
 

  All instruments for this the fabrication of the immunosensor are 

displayed in Table 3.5. 

 

Table 3.5  List of instruments for the fabrication of electrode immunosensor 
 

Instruments Details 

Glass ring 0.8 cm (i.d.), home made 

Micro pipette 200 μL 
   

 

 

3.2  Chemicals 

 

3.2.1  Electrode preparations 
 

The chemicals involved in the fabrication of BDD and SPC electrodes 

are listed in Table 3.6. 
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Table 3.6  List of chemicals for the electrode preparations 
 

Chemicals Suppliers 

Methanol Wako Chemical Company, Japan 

Acetone Wako Chemical Company, Japan 

Boron trioxide, B2O3, extra pure Wako Chemical Company, Japan 

Hydrogen peroxide, H2O2 Wako Chemical Company, Japan 

Carbon ink Ercon, G-449(I), Wareham, MA 

Insulator Ercon, E6165-116 Blue Insulayer,  

     Wareham, MA 

Sulfuric acid 95%, H2SO4 Sigma, USA 
   

 

3.2.2  Electrochemical measurement for products of ALP substrates 
 

  The chemicals used in this work are listed Table 3.7.  All materials 

were prepared by deionized (DI) water (R ≥ 18.2 MΩ-cm).  

 

Table 3.7  List of chemicals for the electrochemical measurement for products of 

ALP substrates 
 

Chemicals Suppliers 

1-Naphthol (NT), C6H7OH Sigma, USA 

L-ascorbic acid (AA), C6H8O6 Sigma, USA 

Phenol (Phe), C6H5OH Sigma, USA 

Indigo carmine (IC), C16H8N2Na2O8S2 Sigma, USA 

Hydroquinone (HQ), C6H4-1,4-(OH)2 Aldrich, USA 

4-Nitrophenol (NP), O6NC6H4OH Aldrich, USA 

4-Aminophenol (AP), H2NC6H4OH Fluka,USA 

Tris-hydrochloride (Tris) Sigma, USA 

Acetic acid, CH3CO2H Aldrich,USA 

Sodium acetate, CH3CO2Na Aldrich, USA 
   

 

 



 

 

43

3.2.3  The base of covalent bonding in immunoassay system 
 

  11-Mercaptoundecanoic acid (C11, HS(CH2)10CO2H), and 6-mercapto-

1-hexanol (C6, HSCH2(CH2)4CH2OH) were obtained from Aldrich and Fluka, USA, 

respectively.  The o-aminobenzoic acid (o-ABA, 2-(H2N)C6H4CO2H) used for 

electropolymerization was obtained from Sigma, USA.  

 

3.2.4  Electrode immunosensors 
 

  All chemicals for this work are shown in Table 3.8.  

 

Table 3.8  List of chemicals for the fabrication of electrode immunosensors 
 

Chemicals Suppliers 

Sodium chloride , NaCl Sigma 

Potassium chloride, KCl Wako 

Tween 20 Sigma 

1-Ethyl-3-(3-dimethyl aminopropyl)  

     carbodiimide (EDAC) 

Sigma 

N-hydroxysulfosuccinimide (NHS) Sigma 

Ethanolamine-HCl Sigma 

MES monohydrate (MES),  

     C6H13NO4S· H2O 

Fluka 

Bovine serum albumin fraction V (BSA) Sigma 

IgG from mouse (MIgG) Sigma, St. Louis, MO, USA 

Anti-mouse IgG from goat (GaMIgG) Sigma, St. Louis, MO, USA 

Anti-mouse IgG conjugated alkaline  

     phosphatase (GaMIgG-ALP) 

Sigma, St. Louis, MO, USA 

N2 gas  For mixing in solution 

2-Phospho-L-ascorbic acid trisodium salt  

     (AAP), C6H6Na3O9P. xH2O,  

Fluka 
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3.3  Chemical preparations 

 

3.3.1  Electrode preparations 
 

3.3.1.1  Mixture of carbon and boron sources for CVD 
 

A mixture of acetone and methanol (9:1, v/v) as the carbon 

source and B2O3 as the boron source was used.  1.09 g of B2O3 was added in a mixture 

of 72-mL acetone and 8-mL methanol.  The mixture solution was sonicated until it 

was a clear.   
 

3.3.1.2  0.1 M H2SO4 
 

      1.41 mL of concentrated H2SO4 was diluted to 250 mL by 

Milli-Q water. 
 

3.3.1.3  0.2 M H2SO4 
 

      2.81 mL of concentrated H2SO4 was diluted to 250 mL by 

Milli-Q water. 
 

3.3.1.4  Piranha solution 
 

      A piranha solution was prepared by mixing 9 mL of 

concentrated H2SO4 and 3 mL of H2O2 (30% v/v) in a beaker.  The solution was 

freshly prepared before used.  Safety note: the piranha solution should be handled with 

extreme caution. 

 

3.3.2  Electrochemical measurement for products of ALP substrates  
 

 3.3.2.1  1 M NaOH 
 

  4.0 g of NaOH was weighed, and dissolved into 100 mL of 

Milli-Q water.  This solution was prepared to adjust the pH of the buffer. 
 

3.3.2.2  0.5 M Tris buffer solution (pH 8.5) 
 

78.80 g of Tris was weighed and dissolved with 1,000 mL of 

Milli-Q water.  The solution was adjusted to a pH of 8.5 with 1 M NaOH. 
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3.3.2.3 0.1 M Acetate buffer solution (pH 4.6) 
 

0.1 M acetic acid (5.6 mL of glacial acetic acid in 500 mL of 

Milli-Q water) and 0.1 M solution of sodium acetate (13.61 g of sodium 

acetatetrihydrate in 500 mL of Milli-Q water) were prepared.  The solutions were 

mixed and adjusted to a pH of 4.6 with pH meter. 
 

3.3.2.4  10 mM stock solution of IC 
 

46.6 mg of IC was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume of 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 
 

3.3.2.5  10 mM stock solution of HQ 
 

11.0 mg of HQ was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume of 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 
 

3.3.2.6  10 mM stock solution of NP 
 

13.9 mg of NP was weighed, dissolved in 0.1 M acetate buffer 

solution (pH 4.6), transferred to a 10-mL volumetric flask, and made a volume of 10 

mL with 0.1 M acetate buffer solution (pH 4.6). 
 

3.3.2.7  10 mM stock solution of AP  
 

10.9 mg of AP was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume to 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 
 

3.3.2.8  10 mM stock solution of NT  
 

14.5 mg of NT was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume to 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 
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3.3.2.9  10 mM stock solution of Phe  
 

9.4 mg of Phe was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume of 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 
 

3.3.2.10  10 mM stock solution of AA 
 

17.6 mg of AA was weighed, dissolved in 0.5 M Tris buffer 

solution (pH 8.5), transferred to a 10-mL volumetric flask, and made a volume of 10 

mL with 0.5 M Tris buffer solution (pH 8.5). 

 

3.3.3  The base of covalent bonding in immunoassay system 
   

3.3.3.1  1 M H2SO4 
    

5.62 mL of concentrated H2SO4 was diluted to 100 mL by 

Milli-Q water. 
 

3.3.3.2  50 mM o-ABA 
 

  10.3 mg of o-ABA was weighed into a 1.5-mL PTFT tube and 

mixed with 1.5 mL of 1 M H2SO4 for solubility.  The mixture was sonicated until it 

was clear.  
 

3.3.3.3  Mixtures of 1 mM C11 : C6 SAM 
 

(1)  2.1836 g of 11-mercaptoundecanoic acid (C11) was 

weighed, dissolved in ethanol, transferred in a 10-mL volumetric flask, and then made 

a volume of 10 mL with ethanol. 
 

(2)  1.41 mL of 6-mercapto-1-hexanol (C6) was diluted to 10 

mL with ethanol. 

The solutions of (1) and (2) were mixed at the ratios of 1:9, 2:8, 

3:7, 4:6, 6:4, and 8:2. 
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3.3.4  Electrode immunosensors 
 

3.3.4.1  0.1 M Tris buffer solution (pH 7.4) 
 

15.76 g of Tris was weighed and then dissolved in 1,000 mL of 

Milli-Q water.  The solution was adjusted to a pH 7.4 by 1 M NaOH. 
 

3.3.4.2  Washing buffer solution 
 

This solution is Tris buffer pH 7.4 containing 0.1 M NaCl, 

0.005 M KCl, and 0.1% (v/v) Tween-20.  Firstly, 0.1% (v/v) Tween-20 solution (0.5 

mL of Tween 20 in 500 mL of 0.1 M Tris buffer pH 7.4) was prepared.  Then, 2.9220 

g of NaCl and 0.1864 g of KCl were weighed and dissolved in 500 mL of 0.1% (v/v) 

Tween-20 solution. 
 

3.3.4.3  Blocking buffer 
 

This solution is 1% (w/v) BSA in washing buffer solution.  0.1 

g of BSA was weighed and dissolved in 10 mL of washing buffer solution.  The 

solution was freshly prepared before used everyday. 
 

3.3.4.4  20 mM PBS buffer (pH 8.6) 
 

1.7418 g of K2HPO4 was weighed, and dissolved in 500 mL of 

Milli-Q water. 
 

3.3.4.5  100 mM MES buffer (pH 6.0) 
 

10.6625 g of MES was weighed, and dissolved in 500 mL of 

Milli-Q water.  The solution was adjusted to a pH of 6.0 with 1 M NaOH. 
 

3.3.4.6  50 mM AAP (substrate) 
 

 24.1 mg of AAP was weighed into a 1.5-mL PTFT tube and 

dissolved in 1.5 mL of Milli-Q water.  This solution was prepared freshly everyday. 
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3.4  Electrode preparations 

 

3.4.1  The Au electrode 
 

The Au disk electrodes were first polished with alumina (0.05 μm) 

prior to use.  The electrodes were soaked in freshly prepared piranha solution for an 

hour and rinsed with Milli-Q water.  The cleaned Au disk electrodes were scanned 

with a cyclic potential between 0.0 and 1.6 V in 0.2 M H2SO4 repetitively until the 

characteristic gold peak was observed [73]. 

 

3.4.2 The SPC electrode 
 

The SPC electrodes were manufactured by a semi-automatic screen 

printer using a carbon ink and alumina ceramic plates.  The electrodes were cured for 

1 hour at 200°C.  A layer of insulator was then printed onto a portion of the 

conducting lines, exposing a rectangular (1.5 mm × 6.0 mm) working electrode area.  

The SPC electrodes were pretreated with 0.1 M H2SO4 by applying an anodic current 

of 25 μA for 300 s. 

 

3.4.3  The GC electrode 
 

3.4.3.1  The GC disk electrode was polished to a mirror-like surface 

with 0.05 μm alumina slurries and then rinsed with Milli-Q water prior to use. 
 

3.4.3.2  The GC plate electrode was cut into 1×1 cm2, polished to a 

mirror-like surface with 0.05 μm α-alumina on filter paper, and then sonicated prior 

to use two times with isopropanol and one time with Milli-Q water. 

 

3.4.4  The BDD electrode 
 

The BDD thin film was deposited on Si (111) wafers in a microwave 

plasma chemical vapor deposition system using a mixture of acetone and methanol 

(9:1, v/v) as the carbon source and B2O3 as a boron source.  The details of the 

preparation are described elsewhere [51].  The boron doped in diamond film is 

approximately 104 ppm of B/C molar ratio.  Hydrogen (99.99%) was used as the 

carrier gas during deposition.  The C/H ratio in the source gas was estimated to be 
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0.03 ± 0.01.  Film deposition was carried out using a microwave power of 5 kW.  The 

growth rate was ca. 3-4 μm h-1, with a thickness of approximately 20 mm being 

achieved after 6 hours.    
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Figure 3.1  Schematic of a microwave plasma reactor for CVD diamond film growth 

 

   BDD thin film was cut into 1×1 cm2, soaked in freshly prepared 

piranha solution for an hour, and rinsed with Milli-Q water. 

 

 

3.5  Electrochemical measurement for products of ALP substrates 

 

 3.5.1  Cyclic voltammetric measurement 
 

    The equipments for cyclic voltammetric cell are as shown in Fig. 3.2.  

The working electrode (WE) was GC disk, Au disk, or SPC electrodes. The counter 

(CE) and reference (RE) electrodes were Pt wire and Ag/AgCl, respectively.  WE, CE, 

and RE were contained in a glass cell and connected with a μAutolab III analysis 

system using the GPES 4.9 software.  A 0.5 M Tris buffer solution (pH 8.5) was used 

as the supporting electrolyte for IC, HQ, AP, Phe, NT, and AA whereas a 0.1 M 

acetate buffer solution (pH 4.6) was used for NP.  The working concentration of each 

seven products of ALP substrates was 100 μM.  The potential scan of each substrates 

is shown in Table 3.9.  The responses of different substances on different electrode 

materials were detected by cyclic voltammetry with a scan rate of 100 mV s-1 and the 
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corresponding voltammograms were recorded as current vs. potential curves.  

Electrochemical measurements were performed at room temperature. 

 

CEWE
RE

CEWE
RE

CEWE
RE

 
Figure 3.2  Electrochemical cell of cyclic voltammetric technique consisting of WE, 

CE, and RE  

 

Table 3.9  Potential window scan for seven products of ALP substrates by cyclic 

voltammetric measurement at GC disk, SPC, and Au disk electrodes 
 

Potential window scan (V) Products of  ALP 

substrates  GC disk electrode SPC electrode Au disk electrode 

IC -0.7 to 0.7 -0.7 to 0.7 -0.7 to 0.7 

HQ -0.3 to 0.3 -0.6 to 0.6 -0.3 to 0.4 

NP -1.0 to 1.4 -0.8 to 1.4 -0.8 to 1.4 

AP -0.5 to 0.8 -0.5 to 0.8 -0.3 to 0.35 

NT -0.2 to 0.8 -0.2 to 0.8 -0.2 to 0.8 

Phe 0.0 to 0.8 0.0 to 0.8 0.0 to 0.8 

AA -0.4 to 0.8 -0.4 to 0.8 -0.2 to 0.5 
 

 

 3.5.2  Amperometric measurement 
 

The equipment setting for hydrodynamic amperometric measurements 

is shown in Fig. 3.3.  Similar set-up to cyclic voltammetric measurement was used 

except that magnetic bar was present.  Amperometric measurements were performed 
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under stirring in 990 μL of the same electrolyte used in cyclic voltammetric 

measurements.  The anodic potentials and cathodic potentials of seven products of 

ALP substrates were applied to the GC disk, Au disk, and SPC WEs as shown in 

Table 3.10.  After the background current reached steady state, the 10 μL of stocked 

solutions of each ALP substrate were added, and the corresponding current responses 

were recorded as a function of time. 

 

CEWE
RE

CEWE
RE

CEWE
RE

CEWE
RE

 
Figure 3.3  Electrochemical cell of amperometric technique consisting of WE, CE, 

and RE  

 

Table 3.10 The applied potential for seven products of ALP substrates by 

amperometric measurement at GC disk, Au disk, and SPC electrodes 
 

Applied potential (V) 

GC disk electrode SPC electrode Au disk electrode 

 

Products of 

ALP substrates 
Anodic Cathodic Anodic Cathodic Anodic Cathodic

IC +0.50  -0.40 +0.50  -0.40 +0.50  -0.40 

HQ +0.10 -0.10 +0.30 -0.20 +0.10 -0.10 

NP +1.10 -0.70 +1.10 -0.70 +1.10 -0.70 

AP +0.20 - +0.15 - +0.20 - 

NT +0.35 - +0.35 - +0.35 - 

Phe +0.65 - +0.70 - +0.65 - 

AA +0.40 - +0.50 - +0.40 - 
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3.6  The base of covalent bonding in immunoassay system 

 

 3.6.1 Self-assembled monolayers (SAMs) of thiol 
 

 The Au disk electrodes were cleaned as described in 3.4.1.  After 

cleaning, 50 μL of a mixture of 1 mM C11:C6 (1:9) SAM was dropped onto the 

clean/dried Au disk electrodes surface and kept overnight for the co-assembly process.  

After that, they were washed twice with ethanol, dried with N2 gas, and followed in 

the next step of immobilization. 

 

3.6.2  Electropolymerization of poly-o-ABA electropolymerization 
 

The GC disk, Au disk, SPC, GC plate, and BDD electrodes were set up 

in electrochemical cells as shown in Fig. 3.2 (for GC disk, Au disk, and SPC 

electrodes) and Figs. 3.4 and 3.5 (for GC plate and BDD electrodes). Then, the 

electrodes were electropolymerized in the potential range 0 to 0.97 V with 50 mM o-

ABA in 1 M H2SO4 by cyclic voltammetry at the scan rate of 40 mV s-1 for 10 cycles. 

The working area of GC plate and BDD electrodes were controlled by a silicone 

rubber gasket of 5 mm diameter.  After electropolymerization, they were washed 

twice with Milli-Q water, dried with N2 gas, and followed in the next step of 

immobilization 

 

cell
gasket

electrode

cell
gasket

electrode

 
Figure 3.4  The composite of electrochemical cell setting for immunoassay and 

electrochemical detection 
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Figure 3.5  The electrochemical cell and equipments setting for cyclic voltammetric 

detection 

 

 

3.7  Electrode immunosensors 

 

3.7.1  Electrode immobilization 
 

The modified electrodes were subsequently coated with 50 μL of 

NHS/EDAC solution (1/1 mg in 100μL of 100 mM PBS buffer, pH 7.22) for 30 

minutes and then the solution was removed.  A drop of 50 μL of 40 ppm GaMIgG was 

applied to each of the modified electrodes.  After 120 minutes of incubation, the 

solution was removed and 50 μL of 1 M ethanolamine solution was drop cast onto 

each modified immunosensor and incubated for 30 minutes.  After taking out of the 

solution, the modified electrodes were washed three times with a washing buffer 

solution.  

 

3.7.2  Sandwich type immunoassay at modified immunosensors 
 

The immunosensors were first added with the desired amount of the 

target MIgG using blocking solution for dilution (for control the absence of the target) 

at room temperature for 60 minutes.  After washing with a washing buffer solution, 

the immunosensor was finally incubated with GaMIgG-ALP for 60 minutes and 

washed three times with the washing buffer solution afterward.  
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3.7.3  The immunosensor detection 
 

  3.7.3.1  GC Disk, Au Disk, and SPC electrodes 
 

The equipments were set up as shown in Fig. 3.3.  

Amperometric measurements were performed in 900 μL of a 0.1 M Tris buffer 

solution (pH 8.5) by applying a potential of +0.4 V (for GC disk and Au disk) and 

+0.5 V (for SPC) on the  modified electrode immunosensors at room temperature.   A 

100 μL aliquot of 30 mM substrate (AAP) was added to the stirred solution once the 

background current reached a steady state and the corresponding current vs. time 

curve was recorded. 
 

  3.7.3.2  GC Plate and BDD electrodes 
 

The sandwiched immunosensors of GC plate and BDD 

electrodes in electrochemical cells were set up as shown in Fig. 3.6.  Amperometric 

experiments were performed in 900 μL of a 0.1 M Tris buffer solution (pH 8.5) by 

applying a potential of +0.4 V at the sandwich IgG modified immunosensor at room 

temperature. A 100 μL aliquot of 30 mM AAP, as a substrate, was added to the stirred 

solution with bubble N2 gas once the background current reached a steady state and 

the corresponding current vs. time curve was recorded. 

 

 
Figure 3.6  The electrochemical cell and equipments setting for amperometric 

detection 
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3.8  Characterization of poly-o-ABA at BDD electrodes 

 

3.8.1  Scanning electron microscopy (SEM)  
 

Scanning electron microscopy (SEM) images of the poly-o-ABA 

modified BDD electrodes were obtained by using JSM-5400 at the operating voltage 

of 20 kV. Bare BDD and poly-o-ABA modified BDD electrodes were characterized 

and compared. 

 

 3.8.2  X-ray photoelectronic spectroscopy (XPS) 
 

X-ray photoelectronic spectra were obtained by using JPS-9000MC 

equipped with an MgKa X-ray source at the voltage of 10 kV and the emission of 10 

mA.  Bare BDD and poly-o-ABA modified BDD electrodes were characterized and 

compared. 

 

 

3.9  Poly-o-ABA modified BDD immunosensors for MIgG determination 

in a mouse serum 

 

The BDD poly-o-ABA modified immunosensors were prepared by the method 

of 3.6 and 3.7 for measurements of MIgG in a mouse serum.  The mouse serum was 

diluted 50,000 times.  Two methods, standard addition and external standard, were 

used to quantify MIgG in the mouse serum.   For standard addition method, three 

standard MIgG concentrations were spiked into the diluted serum sample and the 

responses collected at poly-o-ABA modified immunosensors using the method of 

3.7.3.2.  For external standard method, five standard MIgG concentrations were 

measured and the calibration curve was constructed to obtain the relationship between 

concentration and current density. The diluted serum sample was measured at poly-o-

ABA modified BDD immunosensor and the measured current density was used to 

calculate the quantity of MIgG in the serum sample.  The mean values of two slopes 

and MIgG amounts from the two methods were compared using student’s t-test.  

Differences were considered to be statistically significant when p values were <0.05. 

Statistical analysis was performed using OriginPro 7.5. 



 

CHAPTER IV 
 

RESULTS AND DISCUSSION 

 

 

4.1  Electroanalysis of products of ALP substrates 

  

Under alkaline conditions, ALP hydrolyses the phosphate ester (RHPO4
-) 

functional group of its substrates (IP, HQDP, NPP, APP, NTP, PheP, and AAP) to the 

respective alcoholic (ROH) products (IC, HQ, NP, AP, NT, Phe, and AA), as shown 

in equation (4.1).  These products can be electrochemically detected via equation (4.2). 
 

Enzyme reaction:  
 

  RHPO4
- H2O

ALP
ROH H2PO4

-+ +               (4.1) 
 

Electrochemical reaction: 
 

  ROH R=O ne- nH+++                   (4.2) 
 

 An ideal substrate of ALP should not appear to produce any electrochemical 

signal at the same potential as its dephosphorylated form (product, ROH).  The 

electrochemical behaviors of seven most commonly used products named: IC, HQ, 

NP, AP, NT, Phe, and AA (the structures shown in Fig. 4.1), were examined by cyclic 

voltammetry and amperometry at unmodified GC disk, SPC, and Au disk electrodes.  

Fig. 4.2-4.4 display the corresponding cyclic voltammograms (Figs. 4.2-4.4A) and 

amperograms (Figs. 4.2-4.4B) for all the products on GC disk, SPC, and Au disk 

electrodes.  These data indicate that the different products have different 

electrochemical behaviors on the same electrode material, and the same product also 

shows different behaviors on different electrode materials.  Their potential peaks and 

current density peaks are shown in Tables 4.1 and 4.2. 
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Figure 4.1  Structures of the seven products of ALP substrates: (a) hydroquinone, (b) 

4-aminophenol, (c) phenol, (d) 4-nitrophenol, (e) 1-naphthol, (f) L-ascorbic acid, and 

(g) indigo carmine 
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Figure 4.2  A) Cyclic voltammograms (solid lines: 100 μM products of  substrates; 

dotted lines: background) at the scan rate of 100 mV s-1 and B) amperograms (solid 

lines: anodic current; dashed lines: cathodic current) of different products of 

substrates at GC disk electrode.  The electrolyte for (a), (b), and (d)-(g) was 0.5 M 

Tris buffer solution (pH 8.5); and for (c) was 0.1 M acetate buffer solution (pH 4.6).    

The potentials applied for anodic amperometry (solid lines) were  (a) +0.50 V, (b) 

+0.10 V, (c) +1.10 V, (d) +0.20 V, (e) +0.35 V, (f) +0.65 V, and (g) +0.40 V, and for 

cathodic amperometry (dashed lines) were (a) -0.40 V, (b) -0.10 V, and (c) -0.70 V. 
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Figure 4.3  A) Cyclic voltammograms (solid lines: 100 μM products of substrates; 

dotted lines: background) at the scan rate of 100 mV s-1 and B) amperograms (solid 

lines: anodic current; dashed lines: cathodic current) of different products of 

substrates at SPC electrode. The potentials applied for anodic amperometry (solid 

lines) were  (a) +0.50 V, (b) +0.30 V, (c) +1.10 V, (d) +0.15 V, (e) +0.35 V, (f) +0.70 

V, and (g) +0.50 V, and for cathodic amperometry (dashed lines) were (a) -0.40 V, (b) 

-0.20 V, and (c) -0.70 V.  The other conditions were the same as Fig. 4.2. 
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Figure 4.4  A) Cyclic voltammograms (solid lines: 100 μM products of substrates; 

dotted lines: background) at the scan rate of 100 mV s-1 and B) amperograms (solid 

lines: anodic current; dashed lines: cathodic current) of different products of 

substrates at Au disk electrode. The other conditions were the same as Fig. 4.2. 

 



 

Table 4.1  The potential peaks and current density peaks for seven products of ALP substrates by cyclic voltammetric measurement at GC disk, 

SPC, and Au disk electrodes 
 

GC disk electrode SPC electrode Au disk electrode 

Anodic Cathodic Anodic Cathodic Anodic Cathodic 

 

Products of 

ALP 

substrates 
E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

IC 0.30 62.50 -0.39 -61.64 0.44 11. 43 -0.50 -44.88 0.50 32.16 -0.38 -19.11 

HQ 0.06 38.79 -0.03 -40.96 0.32 32.00 -0.16 -28.00 0.10 18.79 -0.04 -35.80 

NP 1.07 25.00 -0.68 -108.74 1.10 47.00 -0.70 -52.00 1.10 33.00 -0.60 -122.00 

AP 0.04 41.40 0.01 -39.0 0.15 28.89 -0.12 -17.00 0.07 40.01 -0.01 -32.00 

NT 0.31 52.95 - - 0.34 53.00 - - 0.23 30.11 - - 

Phe 0.63 50.21 - - 0.66 58.11 - - 0.64 66.07 - - 

AA 0.01 34.19 - - 0.49 21.00 - - 0.20 30.10 - - 
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Table 4.2  The applied potentials and the current density height for seven products of ALP substrates by amperometric measurement at GC disk, 

SPC, and Au disk electrodes 
 

GC disk electrode SPC electrode Au disk electrode 

Anodic Cathodic Anodic Cathodic Anodic Cathodic 

 

Products of 

ALP 

substrates 
E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

E 

(V) 

j 
(μA cm-2) 

IC +0.50  24 -0.40 -100 +0.50  5 -0.40 -38 +0.50  3 -0.40 -35 

HQ +0.10 29 -0.10 -6 +0.30 17 -0.20 -1 +0.10 15 -0.10 - 

NP +1.10 - -0.70 -130 +1.10 - -0.70 -4 +1.10 - -0.70 -347 

AP +0.20 25 - - +0.15 14 - - +0.20 32 - - 

NT +0.35 - - - +0.35 - - - +0.35 - - - 

Phe +0.65 - - - +0.70 - - - +0.65 - - - 

AA +0.40 24 - - +0.50 12 - - +0.40 46 - - 

chula
Text Box
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 Basically, IC (Figs. 4.2-4.4(a)), HQ (Figs. 4.2-4.4(b)), NP (Figs. 4.2-4.4(c)), 

and AP (Figs. 4.2-4.4(d)) show both anodic and cathodic peaks in their cyclic 

voltammograms.  The cathodic peaks of IC (Figs. 4.2-4.4A(a)) and NP (Figs. 4.2-

4.4A(c)) at the potentials of -0.39 and -0.68 V (for GC), -0.50 and -0.70 V (for SPC), 

and -0.38 and -0.60 V (for Au), respectively, gave very high current as shown in solid 

lines.  The electrolyte gave a hydrogen evolution at about -0.7 V.  The HQ cyclic 

voltammograms showed quasi-reversible shapes at all of three electrodes.  For SPC 

and Au electrodes, AP showed quasi-reversible behavior.  However, using GC as a 

working electrode, AP exhibited reversible behavior where AP gave the ratio of ip,c/ip,a 

close to 1 (0.95) and the peak separation was nearly 0.59/n V (0.6/n V).  HQ and AP 

underwent the reactions in equations (4.3) and (4.4), respectively. 
 

HO OH

Hydroquinone

O O

Benzoquinone

+2e-, +2H+

-2e-, -2H+

(HQ)   (4.3) 
 

NH2HO

4-Aminophenol

NHO

Quinonemine

+2e-, +2H+

-2e-, -2H+

(AP)   (4.4) 
 

 Normally, in an ALP reaction, IP substrate generated indigo blue (IB) by 

enzymatic hydrolysis as shown reaction in equation (4.5).  IB is less soluble in 

aqueous solution.  Therefore, fuming sulphuric acid was added in the solution to form 

soluble IC which can be investigated by electrochemical detection (equation (4.6)) [4].  

Since the alkaline condition is required for the reaction of ALP, it is complicated to 

detect IP using electrochemical technique.  Also, ALP can be exhibited the good 

reaction in base solution (pH 8-10).  Therefore, fuming sulphuric acid is not suitable 

for ALP reaction. 
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HN
O NH

O

HN O

ALP

-PO3
2-

P

O

O

O

Indigo blue

NH
O

HN O

HO3S

SO3H

Indigo carmine

H2SO4

3-Indoxyl phosphate

(IP)

(IB) (IC)   (4.5) 

 

NH
O

HN
O

HO3S

SO3H

NH
HO

HN
OH

HO3S

SO3H

Leucoindigo carmine

+2e-, +2H+

-2e-, -2H+

Indigo carmine
(IC)    (4.6) 

 

 In contrast, NP (Figs. 4.2-4.4(c)) NT (Figs. 4.2-4.4(e)), Phe (Figs. 4.2-4.4(f)), 

and AA (Figs. 4.2-4.4(g)) display a well-defined anodic peak of cyclic voltammogram 

corresponding to the literatures [4, 5, 7, 10-14].  Phe, NP, and NT cyclic 

voltammograms display a poor redox reversibility in all oxidation studies, as same as 

the voltammograms showed in previous work [4].  The NP and NT electrochemical 

reactions were similar to the Phe reaction shown in equation (4.7) and their 

amperometric responses quickly decayed to zero (or base-line current density) due to 

electrode fouling, as shown in Figs. 4.2-4.4B(c), Figs. 4.2-4.4B(e), and Figs. 4.2-

4.4B(f) for NP, NT, and Phe, respectively.  The NP, NT, and Phe electrooxidation 

reactions caused the accumulation of electroinactive species or polymer formation at 

the electrode surface, leading to passivation of the electrode.  Electrode passivation or 
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fouling can pose problems for the development and application of electrochemical 

immunosensors.  For AA (Figs. 4.2-4.4A(g)), cyclic voltammograms showed an 

anodic peak at 20 mV, 500 mV, and 200 mV for GC disk, SPC, and Au disk, 

respectively.   This irreversible reaction was consistent with previous studies [5, 7].  

Figs. 4.2-4.4B(g) demonstrates the nearly constant amperometric responses of AA, 

indicating that less passivation occurring at all of the electrodes.  The electrochemical 

reaction of AA is showed in equation (4.8). 
 

(Phe)

HO
-e-, -H+

O

Phenol

   (4.7) 

    

CH
O

CHOH

OHO

HO

CH2OH

CH
O

CHOH

OO

O

CH2OH

-2e- , -2H+

L-Ascorbic acid
(AA)

Dehydro-L-ascorbic acid
             (4.8) 

 

 Most electrochemical immunoassay methods are based on the application of a 

constant potential to an electrode transducer and the measurement of the current 

generated by the oxidation of enzyme hydrolysis products. Thus, amperometric 

detection was performed to evaluate the behavior of these products.  When NP, NT 

and Phe solutions were added, the responses rapidly decayed due to the electrode 

fouling.  These results were similar to the results reported in the literatures [7, 25].  In 

contrast, the HQ, AP, and AA amperograms in Figs. 4.2-4.4B(b), Figs. 4.2-4.4B(d), 

and Figs. 4.2-4.4B(g) displayed nearly constant anodic current signals after HQ, AP, 

and AA solutions were added to the electrolytes for amperometric measurement, 

implying less significant electrode passivation.  The electrode was reused for 3 times 

of the measurements nearly without loss of sensitivity.  The sensitivities for 

determination of HQ, AP, and AA at GC disk, SPC, and Au disk electrodes were to be 

0.29±0.02, 0.17±0.01, and 0.15±0.01 μA cm-2 μM-1 for HQ; 0.25±0.00, 0.14±0.02, 

and 0.32±0.01 μA cm-2 μM-1 for AP; and 0.24±0.02, 0.12±0.02, and 0.47±0.01 μA 
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cm-2 μM-1, respectively.  For ALP enzyme reaction, HQ, AP, and AA are generated 

from HQP, APP, and AAP substrates, respectively. An AAP substrate was 

commercially available, inexpensive, and non-fouling at the electrodes whereas AA 

product was non-toxic, chemically stable, and highly sensitive for response at the 

electrodes [5, 7, 23].  Compared with the non-commercially available HQDP and the 

costly APP, AAP was chosen as the enzyme substrate for the immunoassay 

experiments. 

 

 

4.2  Characterization of poly-o-ABA using electropolymerization 

 

Poly-o-ABA was modified onto GC disk, Au disk, SPC, GC plate, and BDD 

electrodes by cyclic voltammetric electropolymerization.  The cyclic voltammogram 

for characterization of o-ABA polymer at BDD electrode is shown in Fig. 4.5.  The 

voltammograms at the other electrodes were also analogous to those of BDD 

electrode.  Fig. 4.5 shows cyclic voltammograms of 50 mM o-ABA scanning from 0 

to 0.97 V (vs. Ag/AgCl) at BDD electrode with a scan rate of 40 mV s-1.  Previously, 

similar electropolymerization of o-ABA at Au [24], platinum [48], and GC [49, 50] 

electrodes were reported.   In the first cycle, an irreversible anodic peak at 0.80 V was 

obtained. It is believed that the peak is related to the oxidation of o-ABA to free 

radical at the surface of the electrode (equation (4.9)).  A protonic peak at 0.44 V and 

the de-doping processing at 0.23 V are shown in the cathodic scan [24]. 
 

NH2

OH
O

NH

OH
O

+ + e-H+

   (4.9) 
 

After the first scan, cyclic voltammograms gave two distinct redox processes. 

The first couple appeared at       = 0.26 V and        = 0.21 V, with the peak separation 

(ΔEp) close to 50 mV.  The second couple was observed at        = 0.51 V and        = 

0.41 V with ΔEp of 100 mV. The second through tenth cycles appeared with 

increasing currents, indicating that the polymer film had grown.  After the tenth cycle, 

the current increased very slowly.  Therefore, the 10-cycle voltammetry was fixed for 

Epa,1
Epc,1

Epa,2
Epc,2
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the optimum condition of o-ABA electropolymerization.  The peaks are similar to 

those reported by Wang et al. [24]. They fabricated the self-doped conducting 

polyaniline by electrochemical polymerization of aniline and o-ABA and investigated 

the carboxyl groups by in situ electrochemistry and surface plasmon resonance 

spectroscopy (SPR).  Benyoucef et al. [48] synthesized the homo-polymer of o-, m-, 

and p-ABA at Pt electrodes by electrochemical cyclic scanning of the potential and 

characterized their polymers with in situ FTIRS.  Assuming that the o-ABA was 

coupled by a head-to-tail for polymeric chain growing in the main path, the postulated 

equations were given by equations (4.10) and (4.11) [24, 48], and the polymer 

structure is also show in Fig. 4.6. 
 

N
H

N
H

OH
O

OH

N
H

N
H

OH
O

OH
O

+ e-

O

            (4.10) 
 

 
N
H

N
H

OH
O

OH
O

N N

OH
O

OH
O

+ 2H+ + e-

       (4.11) 
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Figure 4.5  Cyclic voltammograms of the first cycle (dotted line), the second cycle 

(dashed line), and the tenth cycle (solid line) of o-ABA polymerization at BDD 

electrode with the scan rate of 40 mV s-1 
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Figure 4.6  Structures of A) o-aminobenzoic acid (o-ABA) and B) poly-o-

aminobenzoic acid (poly-o-ABA) 

 

SEM image of BDD, Fig. 4.7, shows a half of the bright color of the 

unmodified BDD surface (Fig. 4.7A) and the other half of the dark color of the poly-

o-ABA modified BDD surface (Fig. 4.7B). 

 

B

A

B

A

 
 

Figure 4.7  SEM image of BDD electrode A) before (bright color) and B) after (dark 

color) modified by poly-o-ABA 

 

 XPS was used to analyze the chemical composition of the BDD surface, C1s 

and N1s regions, before and after poly-o-ABA electropolymerization.  Fig 4.8A 

shows the decreasing of the bulk C1s peak at about 283.7 eV after the polymer-coated 

BDD was generated.  The C1s component at binding energy of ~288 eV is 

characteristic of the COOH group of poly-o-ABA modified at the BDD surface [74]. 

This spectrum component was small, but appeared clearly in comparison with the 

spectrum of the unmodified BDD.  The N1s spectrum in Fig 4.8B shows the presence 
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of poly-o-ABA.  The spectrum is the same as the N1s spectrum of polyaniline 

because the o-ABA is one of an aniline derivative.  The ratio of C1s peak of COOH 

groups to N1s of poly-o-ABA (COOH/N) is about 1:1.  This result confirmed the 

postulation of poly-o-ABA formation that one COOH group and one N might come 

from a monomer of o-ABA. 
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Figure 4.8   XPS of A) C1s and B) N1s spectra of BDD before (dotted lines) and after 

(solid lines) modified by poly-o-ABA 

 

 

4.3  Comparison of SAM/Au disk and poly-o-ABA/Au disk immunosensors 

for MIgG determination 

 

In this research, the sandwich immunoassay was used for fabrication of 

immunosensors. This assay involved immobilization of the primary antibody 

GaMIgG, capture of the target MIgG, association of GaMIgG-ALP, and finally using 

AAP as a substrate, which gave the best product signal among 7 ALP substrates as 

described in section 4.1. Enzymatically generated by ALP, AA is an electroactive 

species that can produce electrochemical oxidation signal being related to the quantity 

of MIgG.  The enzymatic reaction of ALP and the electrochemical oxidation of AA 

are shown in equations (4.12) and (4.8), respectively [23].  
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CH
O

CHOH

OO

HO

CH2OH

CH
O

CHOH

OHO

HO

CH2OH

P

-O

O

O-

ALP

-PO3
2-

L-Ascorbic acid
(AA)

2-Phospho-L-ascorbic acid
(AAP)    (4.12) 

 

CH
O

CHOH

OHO

HO

CH2OH

CH
O

CHOH

OO

O

CH2OH

-2e- , -2H+

L-Ascorbic acid
(AA)

Dehydro-L-ascorbic acid
   (4.8) 

 

Two types of Au disk electrode immunosensors, SAM/Au disk and poly-o-

ABA/Au disk immunosensors, were studied.  SAM and poly-o-ABA were bases for 

covalent bonding between the electrode surface and the primary antibody (GaMIgG) 

for sandwich immunoassay. 

 

4.3.1  SAM/Au disk immunosensor 
 

Basically, Au is very good for using with SAM of thiols as the basis of 

the covalent bonding immunosensor because there is strong bonding between the Au 

surface and thiol groups introducing COOH groups to the Au surface.  A mix SAM of 

11-mercaptoundecanoic acid (C11) and 6-mercapto-1-hexanol (C6) was used for the 

base of the immunosensor. The structures of C11 and C6 and a schematic of the 

SAM/Au disk immunosensor are shown in Fig. 4.9 and 4.10, respectively.  The 

preparation of the MIgG SAM/Au immunosensors was optimized by a variety of C11-

to-C6 ratios (1:9, 2:8, 3:7, 4:6, 6:4, and 8:2) and the current density response of those 

immunosensors are shown in Fig. 4.11A. The highest ratio of target (T; 1,000 ng mL-1 

MIgG) to control (C; 0 ng mL-1 MIgG) was obtained when using C11-to-C6 ratio of 

1:9, as shown in Fig 4.11B.  At this ratio, C6 efficiently minimized non-specific 

adsorption and C11 provided enough binding for GaMIgG at the same time. 
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Figure 4.9  Structures of 11-mercaptoundecanoic acid (C11) and 6-mercapto-1-

hexanol (C6) 
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Figure 4.10   Schematic of the amperometric enzyme immunosensor based on the 

SAM modified electrode   
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Figure 4.11   A)  Amperometric responses of 1,000 ng mL-1 (Target, T; solid lines) 

and 0 ng mL-1 MIgG (Control, C; dotted lines) onto SAM/Au with the C11:C6 ratios 

of (a) 1:9, (b) 2:8, (c) 3:7, (d) 4:6, (e) 6:4, and (f) 8:2 in 0.5 M Tris buffer solution (pH 

8.5) at +0.40 V vs. Ag/AgCl.   

  B)  The relationship of current density ratios of T:C with various 

C11:C6 ratio of SAM/Au immunosensors that presented in Fig. 4.11A.   

 

4.3.2  Poly-o-ABA /Au disk immunosensor 
 

Determination of MIgG (the target protein) using a sandwich-type 

immunoassay by disposable poly-o-ABA modified electrode was developed. The 

schematic is shown in Fig. 4.12. 
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Figure 4.12   Schematic of the amperometric enzyme immunosensor based on the 

poly-o-ABA modified electrode 

 

In Fig 4.12, the sandwich immunoassay method was applied for the 

immunosensor system.  The GaMIgG was bound covalently to the COOH groups at 

the surface of the poly-o-ABA modified electrodes.  To link the GaMIgG to the 

carboxyl surface, NHS/EDAC was added to modify carboxyl groups to N-

hydrosuccinimide esters, which bonds covalently with amines on the antibodies in a 

natural pH aqueous solution at ambient temperature [75].  The incubation times for 

GaMIgG, MIgG, and GaMIgG-ALP were optimized.  The optimum incubation time 

of 120 minutes at room temperature was fixed in solutions containing GaMIgG (40 μg 

mL-1), followed by the incubation in ethanolamine solution for 30 minutes for 

blocking and quenching the active functional group that remained on the surface of 

poly-o-ABA.  Then, the 60-minute incubation of different concentrations of target 

MIgG (including control solution without MIgG) and then the last 60 minutes for 

incubation in solutions containing the GaMIgG-ALP were obtained.  
   

The amperometric immunosensor was operated by adding 0.5 M Tris 

buffer electrolyte solution (pH 8.5) to a cell consisting of immunosensor, Ag/AgCl, 

and Pt wire as working, reference, and counter electrodes, respectively.  A potential of 

0.4 V, under stirring, was applied to the immunosensor until the baseline of 

background was stable before the addition of AAP substrate to the solution.  The 

optimized concentration of AAP for the saturated reaction with ALP conjugated 

immunosensor was 3 mM.  Due to the oxidation of AA generated by the enzyme 
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reaction, the current increase caused an immediate response and reached steady state 

very fast.  Result of poly-o-ABA/Au disk immunosensor is shown in Fig 4.13A.  The 

current densities of 1,000 ng mL-1 (T; solid line) and 0 ng mL-1  (C; dotted line) MIgG 

were 4.19 and 0.13 μA cm-2, respectively. 
 

Amperometric responses of poly-o-ABA/Au disk (Fig. 4.13A) and 

SAM/Au disk (Fig. 4.13B) were compared under the same condition of sandwich 

immobilization, detection, and target concentration.  Results showed T:C ratios of 33 

and 297 for SAM/Au disk and poly-o-ABA/Au disk immunosensors, respectively.   
 

Therefore, using poly-o-ABA conductive polymer provided higher 

sensitivity than using SAM for the base Au immunosensor because electron transfer 

on conductive polymer is very good by froming π electron backbone of the polymer 

structure on the electrode surface is very good.  In comparison, layers of SAM and 

biomolecules make electron transfer more difficult and lead to the blocking of direct 

electron transfer between the electroactive species and an electrode. 
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Figure 4.13  Amperometric responses of 1,000 ng mL-1 MIgG (solid lines) and 0 ng 

mL-1 MIgG (dotted lines) at A) poly-o-ABA/Au, and B) SAM/Au immunosensors in 

0.5 M Tris buffer solution (pH 8.5) at +0.40 V vs. Ag/AgCl.  Inset of B) shows the 

amperometric responses zooming for SAM/Au immunosensor  
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4.4  Poly-o-ABA at Au disk, GC disk, and SPC immunosensors for MIgG 

determination 

 

4.4.1  Electrochemical studies of AAP and AA at Au disk, GC disk, and 

SPC electrodes 
 

Cyclic voltammograms of 500 μM AA and 500 μM AAP were 

obtained at bare Au disk, GC disk, and SPC electrodes; AA produced irreversible 

oxidation at 0.2, 0.4, and 0.5 V in 0.5 M Tris buffer (pH 8.5) at bare Au disk, GC disk, 

and SPC electrodes, respectively (Fig 4.12).  As shown in dashed lines of Fig. 4.12, 

no electrochemical process was observed for AAP, substrate of ALP, under the same 

conditions.  Therefore, AAP did not appear to produce any electrochemical signal at 

the same potential as its product (AA), implying the ability to be ALP substrate for 

the immunosensor.  
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Figure 4.14  Cyclic voltammograms of 0.5 M Tris buffer (pH 8.5) electrolyte (solid 

lines), 500 μM AAP (dashed lines), and 500 μM AA (dotted lines) on bare working 

electrodes of A) Au disk, B) GC disk, and C) SPC electrodes at scan rate 100 mV s-1 

 

4.4.2  Optimization of immunoassay 
   

The poly-o-ABA GC disk and poly-o-ABA SPC immunosensors were 

fabricated in the same manner as the poly-o-ABA Au disk immunosensor in section 

4.3.2. 
 

The preparation of the MIgG immunosensor on the poly-o-ABA/SPC 

electrode was studied to reveal the necessity of pre-treatment step with the applied 

current of 25 μA for 300 s and the curing temperature for SPC electrode preparation 
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before poly-o-ABA electropolymerization was varied from 200, 250, and 300๐C.  The 

best curing temperature was selected from the highest current response and the 

reversible potential separation for cyclic voltammogram of 1 mM 

K4Fe(CN)6/K3Fe(CN)6 solution. The maximum response was found at SPC electrodes 

with a curing temperature of 200oC after pre-treatment with the anodic current of 

25 μA for 300 s.  The pre-treatment and non pre-treatment of SPC electrodes were 

compared by the immunoassay process as shown in Fig 4.15.  Fig. 4.15 shows the 

amperometric responses of AA generated from AAP by ALP enzyme on MIgG 

immunosensors based on poly-o-ABA/SPC at the potential of 0.50 V.  After, the pre-

treatment, the SPC electrode surface has hydrophilic property, so it can be 

electropolymerized better than the non pre-treated SPC electrode. 
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Figure 4.15  Amperometric responses of 1,000 ng mL-1 (solid lines) and 0 ng mL-1 

MIgG (dotted lines) at poly-o-ABA/SPC with A) pre-treatment using 25 μA for 300 s 

and B) non pre-treatment in 0.5 M Tris buffer solution (pH 8.5) at +0.50 V vs. 

Ag/AgCl 

 

  Figs. 4.16A-C compare the amperometric responses of AA generated 

from AAP by ALP enzyme on MIgG immunosensors based on poly-o-ABA/GC disk, 

poly-o-ABA/SPC, and poly-o-ABA/Au disk electrodes at the potentials of 0.40, 0.50, 

and 0.40 V, respectively.  The suitable potentials of their electrode immunosensors 

were obtained from hydrodynamic voltammetric measurement at each immunosensor 

by adding AAP in the electrolyte solution at various applied potentials of 0.1 to 0.6 V.  

Displayed in solid lines of Fig. 4.16A-C, the current densities for 1,000 ng mL-1 target 

MIgG at the poly-o-ABA/GC disk, poly-o-ABA/SPC, and poly-o-ABA/Au disk 
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immunosensors were 33.10, 22.49, and 43.50 μA cm-2, respectively.  The dotted lines 

in Fig. 4.16A-C representing the control corresponding to the current density at zero 

concentration of MIgG were 0.33, 5.88, and 0.15 μA cm-2, respectively.  We found 

that MIgG immunosensor on poly-o-ABA/Au disk gave the highest current density of 

response, with a T:C ratio of approximately 297, which implied that the poly-o-ABA 

on the Au surface would produce a surface with the least non-specific adsorption.  

Thus, we used this immunosensor as an MIgG sensor in the subsequent experiments.  

For the behavior of larger molecule as a substrate may exhibit slower turnover in the 

enzymatic reaction and may also exhibit slower diffusion through the biolayer 

towards the electrode surface.  Using small molecule like AAP, it can generate to AA 

very quickly once it was added into the Tris buffer solution, showing a stable current 

within 30 s at all three immunosensors. 
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Figure 4.16  Amperometric responses of 1,000 ng mL-1 (solid lines) and 0 ng mL-1 

MIgG (dotted lines) at A) poly-o-ABA/Au disk, B) poly-o-ABA/GC disk, and C) 

poly-o-ABA/SPC immunosensors in 0.5 M Tris buffer solution (pH 8.5) at A) and B) 

+0.40 V and C) +0.50 V  vs. Ag/AgCl 

 

4.4.3  Calibration curve of poly-o-ABA/Au disk immunosensor 
   

The poly-o-ABA/Au disk immunosensing system displays the most 

sensitive response to the MIgG detection when compared with GC disk and SPC 

immunosensors.  Fig. 4.17 presents amperograms of various MIgG concentrations.  

Measurements were performed in triplicate using three different immunosensors.   

The inset graph shows the dynamic range of the relationship between the average of 

current density responses (n=3) and MIgG concentration.  It can be seen that the 
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dynamic range is from 3 to 200 ng mL-1 (R2 = 0.9905), the sensitivity is 0.1401 μA 

cm-2 (ng mL-1)-1, SD < 2 (n=3), and the detection limit is 1 ng mL-1. 

 

200 400

0

20

40

(μ
)

j /
 μ

A
cm

-2

Time / s

A

I

0 100 200
0

15

30

j /
 μ

A
 c

m
-2

[MIgG] /ng mL-1

R2 = 0.9905
Y = 3.3893 + 0.1401x

200 400

0

20

40

(μ
)

j /
 μ

A
cm

-2

Time / s

A

I

0 100 200
0

15

30

j /
 μ

A
 c

m
-2

[MIgG] /ng mL-1

R2 = 0.9905
Y = 3.3893 + 0.1401x

 
Figure 4.17  Amperograms of 0, 1, 3, 5, 50,100, 200, 500, and 1,000 ng mL-1 MIgG 

(A to I) at poly-o-ABA/Au disk immunosensor in 0.5 M Tris buffer solution (pH 8.5) 

at +0.40 V vs. Ag/AgCl.  Inset shows the linear range of 3 to 200 ng mL-1 MIgG. 

 

 

4.5  Poly-o-ABA at BDD and GC plate immunosensors for MIgG 

determination 

 

4.5.1  Electrochemical studies of AAP and AA at GC plate and BDD 

electrodes 
 

Cyclic voltammograms of 100 μM AA and 3 mM AAP in 0.1 M Tris 

buffer pH 8.5 solutions at BDD and GC plate before and after poly-o-ABA 

modification are shown in Figs. 4.18 and 4.19, respectively.  The anodic peak 

potentials of AA before and after poly-o-ABA modification were obtained at 0.28 and 

0.44 V for BDD and 0.01 and 0.42 V for GC plate.  After the modification, all of 

anodic peaks were shifted positively as ~0.16 V for both oxidation of AA and AAP at 

BDD, and 0.41 and 0.17 V for AA and AAP oxidation at GC plate, respectively.  A 

plausible possibility is that, after electropolymerization, the -COOH groups 

(negatively charged species) that covered at the electrode surfaces provide 
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electrostatic repulsion to AA and AAP.  Therefore, higher potential is required for the 

sufficient kinetics of the electron transfer.  Influence of BDD termination on the 

oxidation of negatively charged molecules has been reported [55, 76].  The noticeable 

point is that the anodic current of AA at both BDD and GC plate before and after the 

modification with poly-o-ABA showed almost the same current, indicating good 

electron transfer with poly-o-ABA as a conductive polymer. The poly-o-ABA is a 

carboxyl-group-functionalized polyaniline and its structure has π electron backbones 

for electron transfer [24, 32, 48-50, 77].  This is a great point to apply for 

immunosensor because the surface polymer needs to provide -COOH groups for 

conjugation with protein by covalent bonding and should also perform good electron 

transfer for AA oxidation at the same time.  A summary of anodic potentials and 

current responses of AA and AAP at the BDD and GC plate before and after poly-o-

ABA modification is given in Table 4.3. 
 

AAP at the concentration of 3 mM was selected for the investigation as 

it is the optimum substrate concentration.  The difference in anodic peak potential 

between 100 μM AA and 3 mM AAP after poly-o-ABA modification was about 0.4 V 

which should be enough to avoid the interference for the AA signal generated from 

the enzymatic reaction. 
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Figure 4.18   Cyclic voltammograms of electrolyte (0.1 M Tris buffer solution, pH 

8.5; solid lines) and 100 μM AA at A) BDD and B) GC plate electrodes before 

(dotted lines) and after (dashed lines) modified by poly-o-ABA at the scan rate of 50 

mV s-1 

 



 

 

80

0.0 0.5 1.00.0 0.5 1.0

0

200

400
j/

 μ
A

cm
-2

Potential / V

BA

0.0 0.5 1.00.0 0.5 1.0

0

200

400
j/

 μ
A

cm
-2

Potential / V

BA

 
Figure 4.19   Cyclic voltammograms of electrolyte (0.1 M Tris buffer solution, pH 

8.5; solid lines) and 3 mM AAP at A) BDD and B) GC plate electrodes before (dotted 

lines) and after (dashed lines) modified by poly-o-ABA  at scan rate of 50 mV s-1 

 

Table 4.3 Summary of potentials and current responses for the oxidation of AA and 

AAP at BDD and GC plate before and after electropolymerized by poly-o-ABA 
 

Bare electrode Poly-o-ABA modified 

electrode 

 

Type of 

electrode 

 

 

Chemical Potential 

peak (V) 

j of peak 

(μA cm-2) 

Potential 

peak (V) 

j of peak 

(μA cm-2) 

AA 0.28 30.48 0.44 29.60 BDD 

AAP 0.68 459.30 0.84 414.64 

AA 0.01 36.33 0.42 37.22 GC plate 

 AAP 0.67 480.41 0.84 354.08 
      

 

 

4.5.2  Optimization of immunosensor system 
 

Amperometric detection was used for the immunosensors. The 

hydrodynamics of AA at poly-o-ABA modified BDD and GC plate electrodes were 

investigated at the potential from 0.2 to 0.6 V.  The highest current peaks were 

observed at 0.4 V for both electrodes.  Therefore, for further experiments, an applied 

potential of 0.4 V was set up to detect AA in the immunoassay system. 
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Blocking the surface is one of the most important steps to minimize 

and to control non-specific binding. A shown in Fig. 4.20, the electrode current 

density for non-specific adsorption, in the absence of target MIgG and after being 

washed in multiple steps, was ~1.12 μA cm-2.  Apparently, the poly-o-ABA can 

decrease the physically non-specific adsorption by covering the surface with a thin 

film of polymer.  The covalent attachment of poly-o-ABA reduces the non-specific 

binding to 0.33 μA cm-2, which is about 4 times lower than the value when the 

polymer is absent.  The use of BSA in the concentration range of 0-5% as blocking 

agent was also investigated.   It was found that the use of 1% BSA could decrease the 

current density of non-specific adsorption to 0.24 μA cm-2 whereas more than 1% 

BSA gave almost the same current density as the 1% BSA.  Therefore, in the next 

experiments, 1% BSA was fixed for blocking non-specific adsorption.   
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Figure 4.20  A relationship between the current density response and various 

conditions for control of immunosensors 

 

Fig. 4.21 shows the amperometric responses of poly-o-ABA/BDD and 

poly-o-ABA/GC plate immunosensors at the potential of 0.40 V.  Represented by the 

solid lines, the current density in target of 1,000 ng mL-1 MIgG were 23.50 and 16.13 

μA cm-2 whereas, displayed by the dotted lines, the corresponding controls were 0.24 

and 1.00 μA cm-2 for poly-o-ABA/BDD and poly-o-ABA/GC plate immunosensors, 

respectively.  That results showed the T:C ratios as 97.92 and 16.13 for poly-o-

ABA/BDD, and poly-o-ABA/GC plate immunosensors, respectively.  Therefore, the 

poly-o-ABA/BDD immunosensor is better. 
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Figure 4.21  Amperometric responses of 1,000 ng mL-1 (solid lines) and 0 ng mL-1 

MIgG (dotted lines) at A) poly-o-ABA/BDD and B) poly-o-ABA/GC plate 

immunosensors in 0.1 M Tris buffer solution (pH 8.5) at +0.40 V vs. Ag/AgCl 

 

4.5.3  Reproducibility 
 

Reproducibility of the immunoassay was expressed in terms of 

percentage of relative standard deviation (% RSD) of six different immunosensors 

under the same condition and concentration (intra-assay) as well as four different days 

of three replicate immunosensors in each day (inter-assay).  High reproducibility was 

shown by collecting current signal of 100 ng mL-1 MIgG for replicate analysis in the 

intra-assay (n=6) and inter-assay (n =4) with % RSD values of 2.60 and 5.36 for poly-

o-ABA/BDD immunosensors, and 6.84 and 9.07 for poly-o-ABA/GC plate 

immunosensors, respectively.  The % RSD of poly-o-ABA/BDD immunosensor 

lower than poly-o-ABA/GC plate immunosensor, meaning that the poly-o-ABA/BDD 

immunosensor has higher reproducibility than the poly-o-ABA/GC plate 

immunosensor. 

 

Table 4.4  Reproducibility study for poly-o-ABA/BDD and poly-o-ABA/GC  plate 

immunosensors 
 

%  RSD  

Type of immunosensor 
Inter-assay (n=4) Intra-assay (n=6) 

poly-o-ABA/BDD 5.36 2.60 

poly-o-ABA/GC plate 9.07 6.84 
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4.5.4  Detection limit and correlation 
 

Fig. 4.22 shows the amperograms of MIgG using the poly-o-

ABA/BDD and poly-o-ABA/GC plate immunosensor systems. The linear calibration 

curves are shown in the insets.  The poly-o-ABA/BDD immunosensor is able to 

measure MIgG concentrations ranging from 1 to 1,000 ng nL-1.  The analytical 

performance of BDD immunosensor is compared with poly-o-ABA/GC plate 

immunosensor and summarized in Table 4.5.  The linear range (LR) of poly-o-

ABA/GC plate immunosensor was 10 to 500 ng mL-1.  The detection limits of poly-o-

ABA/BDD and poly-o-ABA/GC plate were found to be 0.30 ng mL-1 (2 pM) and 3.50 

ng mL-1 (23.3 pM) (3SD; calculation), respectively.  High correlation can be obtained 

as shown by r2 >0.999.  
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Figure 4.22   Amperograms of products (AA) after the addition of substrates (AAP) 

of ALP in Tris buffer solution (pH 8.5) at A) poly-o-ABA/BDD and B) poly-o-

ABA/GC  plate immunosensors by various target MIgG concentrations (0, 1, 5, 100, 

200, 500, and 1,000 ng mL-1; (a) to (g)) at the applied potential of 0.4 V.  Insets in the 

top represent calibration plot showing the correspondence between the changes in 

anodic peak current after subtracting the control current (0 ng mL-1 ; absence of 

MIgG) and the concentration of MIgG and inset in the lower of (A) is zooming 

amperograms of (a) to (c) at poly-o-ABA/BDD immunosensors.  
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Table 4.5. Analytical performance of poly-o-ABA/BDD and of poly-o-ABA/GC 

plate immunosensors 
 

Type of 

immunosensor 

Mean of control 

(n=15) 

(μA cm-2 ±SD) 

LOD  

(3SD; ng mL-1) 

LR 

(ng mL-1) 
R2 

poly-o-ABA/BDD 0.2471 ±0.045 0.30 1-1,000 0.99965 

poly-o-ABA/GC plate 0.7104 ±0.119 3.50 10-500 0.99972 

 

 

4.6  Comparison with other methods 

 

Table 4.6 summarizes the MIgG determination at BDD immunosensor 

compared to immunosensors fabricated GC plate and Au disk using this system and 

other immunosensor systems. It can be observed that using the poly-o-ABA BDD 

immunosensor with amperometric detection provides a significantly low detection 

limit (0.3 ng mL-1).  To investigate the stability of the immunosensor, the electrode 

was stored in PBS at 4๐C for an extended period of time. The sensor was evaluated 

over a period of 14 days of storage without loss of activity. 

 

 

 

 

 

 

 

 



 

Table 4.6  Comparison of electroanalytical data for the determination of MIgG 
 

Solid state based 

immunoassay 

Enzyme 

label 

Substrate Method for detection Linear Range LOD 

(ng mL-1) 

Stability Ref 

poly-o-ABA /BDD ALP AAP Amperometry 1-1,000 ng mL-1 0.3 2 weeks a 

poly-o-ABA /GC plate ALP AAP Amperometry 10-500 ng mL-1 3.5 - b a 

poly-o-ABA /Au disk ALP AAP Amperometry 3-200 ng mL-1 1 - a 

iridium oxide /Glass substrate  ALP HQDP c Amperometry 0-165 ng mL-1 3 5 weeks [78] 

iridium oxide /APTES c /Glass 

substrate 

ALP HQDP c Amperometry 5-50 ng mL-1  2 - [79] 

SAM /Au (RMD e) ALP PAPP f Cyclic voltammetry 5-100 ng mL-1 0.009 - [80] 

Dynabeads ALP PAPP f GC-RDE g 

Amperometry 

50-5,000 ng mL-1 - - [81] 

A 96-well plate ALP ANP h Amperometry 0.01-100 μg ml-1 6 - [82] 

carbon nanotubes /Fe /Al2O3 

/SiO2 /Si substrate 

- - EIS i range up to a 100  

μg mL-1 

200 - [83] 

 

a This proposed method ; b no report, c hydroquinone diphosphate ; d (3-aminopropyl)triethoxysilane; e recessed microdisk; f 4-aminophenyl 

phosphate ; g glassy carbon rotating disk electrode; h 4-amino-1-naphthylphosphate ; and  i electrochemical impedance spectroscopy  
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4.7  Poly-o-ABA modified BDD immunosensors for MIgG determination 

in a mouse serum 

 

The poly-o-ABA modified BDD immunosensor was also applied to measure 

MIgG in a real sample of mouse serum.  The external standard and standard addition 

curves are shown in Fig. 4.23.  The mouse serum was diluted 50,000 times which is 

the interval dilution of the commercial MIgG ELISA test kit.  The external standard 

was determined using five different MIgG concentrations (n=3) for a calibration curve.  

The standard addition was investigated by spiking three difference MIgG standard 

concentrations (n=2) into the diluted mouse serum.  Recoveries of 80-100% were 

achieved for the poly-o-ABA modified BDD immunosensor that as show in Table 4.7.  

MIgG concentrations in the serum were found to be 174.30 and 189.34 ng mL-1 from 

external standard and standard addition at the 0.05 level, respectively.  The population 

mean is not significantly different from the test mean (181.82).  Moreover, a sample t-

test was used to analyze the slopes of two methods, external standard and standard 

addition methods.   Both slopes were satisfactory at the 0.05 level, and that the 

population mean was not significantly different from the test mean (0.02055).  These 

results indicate that the poly-o-ABA modified BDD immunosensor has high 

specificity and sensitivity for real samples of MIgG. 
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Figure 4.23  Comparison of two MIgG measurement methods in a mouse serum by 

(a) external standard and, (b) standard addition.  Inset shows (i) control (Tris buffer), 

(ii) mouse serum diluted 50,000 times, (iii) mouse serum diluted 50,000 times in 

addition of 100 ng mL-1 standard MIgG, (iv) mouse serum diluted 50,000 times in 

addition of 250 ng mL-1 standard MIgG, (v) mouse serum diluted 50,000 times in 

addition to 500 ng mL-1 standard MIgG 

 

 

Table 4.7  Standard addition of MIgG spiked in mouse serum 
 

Concentration of standard MIgG spiked 

in mouse serum (ng mL-1) 

Mean (n=2) 

(ng mL-1; ±SD) 

% RSD % Recovery

100 100.23 (±4.08) 4.07 100.23 

250 200.20 (±14.89) 7.43 80.08 

500 481.51 (±38.09) 7.91 96.30 

 

 

 

 

 
 
 
 
 
 
 



   

CHAPTER V 
 

CONCLUSIONS AND FUTURE PERSPECTIVE 

 

 

5.1  Conclusions 

 

 Having a variety of substrates, alkaline phosphatase (ALP) can be used as an 

effective label for sensitive immunoelectrochemical assays.  Seven products of the 

ALP substrates, which are IC, HQ, NP, AP, NT, Phe, and AA have been 

comparatively examined by means of cyclic voltammetry and amperometry.  Since 

AA gave the large and stable signal, along with having an inexpensive substrate, it 

was selected for the development of immunosensors at GC disk, Au disk, and SPC 

electrodes. Using mouse IgG (MIgG) as a model analyte, sandwich-type 

amperometric immunosensors based on all the electrodes were constructed. Cyclic 

voltammetric technique was simply employed to electropolymerize o-aminobenzoic 

acid (o-ABA) onto the electrode surfaces.  Characterized by SEM and XPS, the 

modified surface provided freely accessible carboxyl groups as the binding sites for 

immunosensor base.  Anti-mouse IgG (GaMIgG), the model antibody, was covalently 

immobilized at the poly-o-ABA modified electrode whereas MIgG was the target 

antigen for the detection.  As the enzyme label, ALP was conjugated with GaMIgG to 

form a sandwich-type immunoassay.  2-phospho-L-ascorbic acid (AAP) was chosen 

as the substrate of ALP.  Conversion of AAP to AA by ALP will give the 

electrochemical signal directly related to the quantity of the target antigen. This 

research found that the poly-o-ABA modified Au disk immunosensor gave the most 

favorable response (linear range: 3-200 ng mL-1) with good sensitivity and 

reproducibility (SD<2; n=3) for MIgG sensor as well as low non-specific adsorption. 
 

 This immunoassay system was applied to BDD, the new electrode material. 

Similar to the other electrodes, the sandwich-type enzyme-amplified electrochemical 

immunosensor based on BDD was successfully prepared.  Stable and selective MIgG 

sensing was shown by the GaMIgG poly-o-ABA modified BDD. This system was 

compared with the poly-o-ABA modified GC plate immunosensor. The detection 
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limit and the linear range were 0.3 ng mL-1 and 1-1000 ng mL-1 for the poly-o-ABA 

modified BDD immunosensor, and 3.50 ng mL-1 and 10-500 ng mL-1 for the poly-o-

ABA modified GC plate immunosensor.  From these results, it can be concluded that 

the poly-o-ABA modified BDD immunosemnsor provided the lower detection limit 

and wider linear range in comparison with the poly-o-ABA modified GC plate.  
 

In addition, the poly-o-ABA modified BDD immunosensor was applied to 

measure MIgG in a real sample of mouse serum. External standard and standard 

addition methods were used.  The recovery yields of 80-100% were achieved for the 

poly-o-ABA modified BDD immunosensor.  MIgG concentrations in the serum were 

found to be 189.34 and 174.30 ng mL-1 via the external standard and standard addition 

methods, indicating that the poly-o-ABA modified BDD immunosensor had high 

specificity and sensitivity towards the MIgG real sample. 

 

 

5.2  Future perspective 

 

This developed method is versatile, offers enhanced performance including the 

possibility of in vivo detection by BDD microelectrode, and can be easily extended to 

other protein detection. 
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