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Abstract 
 

The purpose of this work is to explore and exploit the principles of Displacement 

Electrochemical Immunosensing (DEI) and Indirect Competitive ELISA (ICE) to detect  

2,4,6-trichloroanisole (TCA).  

 

The rational design of indirect competitive ELISA for TCA detection is attempted. The 

developed assay detects TCA at concentrations from 1ppt to 1 ppm, with a limit of 

detection of 4.2 ppt.  The assay can be commercially useful in situations where less than 

80 minutes total assay time is required.  

 

A mathematical model (MM) is developed for the rational design of an electrochemical 

displacement immunosensor (DEI).  Despite the low affinity constants of the antibodies 

obtained for this work a functional DEI is developed with the predicted by the MM high 

limit of detection for TCA (0.2 ppm). The non-specific adsorption (NSA) of proteins is 

identified as a critical problem inhibiting further optimization of the DEI. The use non-

insulating Cu UPD as NSA controller or electrochemically compatible blocking, together 

with amperometric displacement detection are proposed as a platform that could permit 

further development of reagentless and labelless immunosensors. 
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CHAPTER 1 
Introduction 

 

 
1.1 Introduction 

Biosensors play an important role in the improvement of productive processes and living 

conditions. Biosensors are powerful tools for diagnostics, and have little competition 

when fast, portable, selective and specific analytical tools are required [1]. They have 

relatively low cost of manufacture and storage, potential for miniaturization, and they can 

be easily used in automated analysis [2, 3].  

 

Biosensors are integrated devices in which a Biological Recognition Element (BRE) and 

a transducer are in intimate contact. The BRE selectively interacts with a target analyte, 

and the transducer translates the biological interaction into a discernable signal. Using 

antibodies as BRE configures an immunosensor.  
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Immunosensors have widely contributed to advancements in environmental monitoring, 

detection of biological warfare agents, public health, clinical chemistry and food quality 

[4-15].  

 

 The main components of an immunosensor are: (i) the antibody, (ii) the transduction 

element, which will also decide the transduction technique, and (iii) the immobilization 

chemistry. The following briefly defines and reviews these components and processes. 

 

1.2 Biosensors 

 

1.2.1 Biosensors. Brief description 

Sensor families can be divided into chemical and biochemical. Chemical sensors 

transform chemical information into an analytically useful signal. They are composed of 

a chemical recognition system and a physicochemical transducer. One of the first great 

achievements in the history of chemical sensors, was the creation of the glass pH 

electrode in 1922 [16].  

 

When the recognition system of a sensor consists of a biochemical mechanism, a 

chemical sensor is called Biosensor [17]. Examples of biological recognition elements are 

enzymes, antibodies, fragments of antibodies, organs, tissues, cells, aptamers, peptides 

and oligonucletides [18-20].  
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Biosensor function consists of two main steps: recognition and transduction. The 

recognition step is facilitated by the Bio-Recognition Element (BRE) that can recognize 

analytes specifically and with high sensitivity conferred to it by evolution. The BRE is in 

close contact with a transducing element, which transduces the BRE-analyte 

biorecognition event into a signal. The signal has to be transduced rapidly and sensitively 

by thermal, electrical, optical or electronic elements. A more precise definition of an 

electrochemical biosensor by IUPAC [17] is: 

“(…) an electrochemical biosensor is a self-contained integrated device, which is 

capable of providing specific quantitative or semi-quantitative analytical information 

using a biological recognition element (biochemical receptor) which is retained in direct 

spatial contact with an electrochemical transduction element (…)” 

 

1.2.2 Sensors and Biosensors in history 

The earliest sensors developed were physical sensors that measured time, temperature 

and other physical parameters, and the technologies developed for these sensors provided 

the transduction basis for chemical and biological sensors. First demonstrations of 

sensing devices were associated with chemical sensors. As pointed out in the previous 

section, glass pH electrodes were introduced in the 1920´s. Next, oxidation-reduction 

reactions were utilized in sensor technology to give rise to devices detecting metallic ions 

and organic compounds.  The introduction of ion selective electrodes gave rise to the first 

transducers for chemical sensors and biosensors.  
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Interposing a membrane between the solution and the electrode, gave rise to one of the 

first biosensor created, for glucose detection, by Clark and Lyons in 1962 [2, 21] . The 

greatest progress in biosensors took place in the 1970s – 1980s with the incorporation of 

enzyme electrodes and newer transduction and immobilization techniques [16]. In 1976, 

the lactate analyzer was introduced (LA 640, La Roche, Switzerland) in which the soluble 

mediator, hexacyanoferrate was utilized. This gave rise to the generation of mediated 

biosensors.  Later, use of ferrocene and its derivatives as immobilized mediators, with 

oxidoreductases became common for the fabrication of enzyme electrodes [21]. 

Discoveries related to new BREs, transduction and immobilization techniques keep 

biosensor technologies in continuous advance. 

 

1.3 Immunosensors 

 

1.3.1 Immunosensors. Brief description 

An immunosensor is an affinity biosensor designed to detect the direct binding of an 

antibody or an antigen, forming an immunocomplex, on the sensor surface. The 

recognition of the analyte (antibody or antigen) by the immobilized receptor (antigen or 

antibody) induces variation in optical properties, electric charge, mass or heat, which can 

be detected directly or indirectly by a variety of transducers. These include 

electrochemical (potentiometric, amperometric, conductimetric, impedance), optical 

(surface plasmon resonance (SPR), reflectometric interference spectroscopy (RIfS)), 

mass sensitive (piezoelectric, acoustic surface waves SAW) or thermoelectric 

(thermosistors) transducers [22-24].  
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Electrochemical immunosensors that depend upon voltammetric, conductimetric or 

amperometric detection are considered to have an important place in modern analytical 

methods. The full potential of electrochemical immunosensors is considered not to be 

totally developed, reasons being the difficulty and high initial cost of assembling a new, 

widely accepted electrochemical immunoassay [25]. Once developed, electrochemical 

immunosensors permit simultaneous, fast and cost-effective analysis. The advantages of 

immunosensors such as high specificity, small sample volumes, ability for simultaneous 

analysis of multiple samples, simple sample preparation, minimization of use of 

chemicals and waste production, and easy automation, easily offset the limitations in their 

development process [26].  

 

1.3.2 Biological Recognition Element: The antibody 

The merits of immunosensors are related to the selectivity and affinity of the antibody-

analyte binding reaction. Thus, the production and selection of antibodies are crucial for 

the optimal functioning of immunosensors. In what follows in this section, antibody 

structure, production and interaction with antigens are visited.  

 

 
1.3.2.1 The immunosystem 

Mammals possess a system of surveillance called the immune-system, which protects 

them from disease-causing invasions. The protection afforded by the immune-system can 

be divided in two: the innate immune-system and the adaptive immune-system. 
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Innate immunity (e.g., phagocytes) corresponds to the first line of defence responding to 

infectious agents. If this defence is overcome, the adaptive immune system is activated. 

The adaptive immune-system generates a specific molecule that can attach at one end to 

the infectious agent and at the other end to the phagocytic cell. These specific molecules 

are called antibodies (Ab) [27]. 

 

Antibodies are host proteins produced in response to the presence of foreign agents, 

called antigens (Ag), in the body. Antibodies are synthesized predominantly by plasma 

cells (mature B-lymphocytes). Antibodies circulate throughout the blood and lymph, 

where they bind to the antigens forming the antibody-antigen immunocomplexes. These 

immunocomplexes are removed from circulation mostly through phagocytosis by 

macrophages. Host organisms use this mechanism to protect themselves from foreign 

agents [28]. 

 

1.3.2.2 Ab structure and function 

 
Antibodies, also known as immunoglobulins are divided into five classes: G, A, M, D and 

E differing in the constant regions of the heavy chains. Immunoglobulin G (IgG) or γ- 

globulin (Fig. 1. 1) is the principal antibody in serum  corresponding to a 75 % 

participation in serum [29] . 

 

The IgG (MW 150 kDa) antibody has two heavy and two light chains (50 kDa and 23-25 

kDa respectively), each containing several domains held together by disulfide bonds.  
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The heavy (H) chain is divided into four sub-domains and the light (L) chain is divided 

into two sub-domains. At the same time, the sub-domains are divided according to the 

variability of their amino acid sequence into constant (C) and variable (V) regions. The H 

chain has three constant regions (CH1 to CH3) and one variable region (VH). The light 

chain has one constant (CL) and one variable (VL) region. The base of the Y shape is 

called the Fc fragment and is formed by the association of the two CH2 and the two CH3 

domains. Each arm of the Y shape is the Fab fragment that contains the binding sites, and 

is formed by CH1- CL and VH and VL associations. 

 

The antigen specificity is conferred by the variable regions of both the light and heavy 

chains, which contain the complementary-determining regions (CDRs). 

 

Antibodies can be produced through the immunization of mammals (usually rats, mice or 

sheep) by introducing an Ag into their blood stream. As low molecular weight organic 

molecules/analytes are not alone able to elicit an immune response in an animal (these are 

metabolized), it is necessary to transform the analyte into an immunogenic molecule, 

consisting of a “hapten” covalently coupled to a protein. An ideal or optimum hapten is 

one that preserves most of the steric and electronic characteristics of the analyte when 

conjugated to a large molecular weight protein, thus exposing it to the immune system.  
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Fig. 1. 1: Immunoglobin G (IgG) structure 

 

Most often, an animal will produce large groups of antibodies that recognize independent 

epitopes (the antibody-binding site of an antigen) on the antigen. Different clones of 

plasma cells can secrete antibodies which bind only to one epitope. The collection of 

antibodies in serum results to the production of many different antibodies. These 

polyclonal antibodies are obtained from purified animal antiserum. 

 

If antibodies are produced via hybridoma techniques they are called monoclonal 

antibodies (MAbs). All these antibodies are identical, with specific and easily studied 

properties of antigen recognition. Alternatively, recombinant antibodies are obtained 

through genetic engineering.  Recombinant antibody technology makes it possible to 

modify the antibody molecule with high precision [30]. The future of immunosensors is 

considered to be linked to the generation of recombinant antibody libraries, which would 

provide a repertoire of new antibody types, generated at the DNA level [23].   
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Polyclonal antibodies are broadly used for immunochemical techniques. They are used 

normally as crude serum samples and in this form suffice for many purposes. 

Nevertheless, monoclonal antibodies (MAbs) have the advantage of a defined affinity 

constant with the antigen, and of the reproducibility of their production from the isolated 

hybridomas. 

 

1.3.2.3 Ab-Ag interaction 

The interaction of the antibody with the antigen is the basis for all immunochemical 

techniques. The strength of such interaction is described by its affinity, while the stability 

of the immunocomplex is described by its avidity. 

 

The variable regions of the heavy and light chains of the antibody make up the antigen-

binding site of the antibody. The antibody-antigen complex is held together by multiple, 

non-covalent bonds including hydrogen bonds, van der Waals forces, and coulombic and 

hydrophobic interactions. The immunocomplex is stabilized by the combination of weak 

interactions that depend on the precise alignment of the antigen and the antibody. The 

overall interaction is a balance of many attractive and repulsive interactions at the 

interface. Small changes in antigen structure can greatly affect the strength of the 

interaction [28, 31].  

 

 The antibody-antigen binding is reversible and can be interpreted in terms of an 

equilibrium reaction between the antibody (Ab) and the antigen (Ag) to form the 

immunocomplex (AbAg) with an affinity constant (Kaff) (Eq. 1. 1): 
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[ ]
[ ] [ ]AgAb

AbAg
Kaff =  

Unlike the affinity polyclonal antibodies, that of monoclonal antibodies can be 

determined exactly. Affinity constants have been reported to range from below 105 M-1 to 

1013 M-1 [32]. 

 
In some immunoassays, the antibody that demonstrates the highest binding constant does 

not necessarily give an assay with the greatest sensitivity. For example, in displacement 

assays (section 1.3.5), an antibody with a high binding constant would make the 

displacement process much more difficult and would therefore require much higher 

concentrations of the antigen or a longer antibody–antigen contact time. 

 

1.3.2.4 Factors affecting the immunoassay performance 

Finding the antibody with the highest affinity for the antigen is not a guarantee of success 

for an immunoassay. Different factors may affect its performance, for example: 

 

• The specificity of the antibody for the antigen: Antibodies could cross-react with 

molecules distinct to the target analyte or the selected hapten. To counteract this, cross-

reactions of antibodies should be studied and controlled by selection of appropriate 

experimental conditions. 

 

Eq. 1. 1 
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• The alterations that binding sites may suffer during the assay: Denaturation and 

chemical modifications of binding sites and epitotes should be avoided or controlled as 

these strongly affect the affinity of the immunoreaction. 

 

• Steric impediment for the antibody and the antigen to meet: The presence of other 

molecules or problems in the orientation of the antibody can negatively affect the 

immunoreaction. 

 

Since antibody affinity and specificity determine the analytical capability of the 

immunosensor, the properties of the antibodies represent an important factor in 

developing the immunological method. However, what determines that certain antibodies 

recognize a particular antigen or group of antigens can not be quantified. This limits the 

possibilities for designing antibodies with desired specificity and affinity [33].   

 

1.3.3 Transducers  

Transduction elements convert the antibody-antigen interaction to a detectable signal. 

The immunointeraction can give rise to changes in fluorescence, optical density, mass or 

electrical properties which need to be suitably transduced. Immunosensors can take 

advantage of a variety of transduction elements, such as optical, piezoelectric, thermal 

and electrochemical transducers.  

Electrochemical transducers – the type explored in this thesis- are basically electrodes 

where various electrical/electrochemical properties changes, such as conductivity, surface 

potential or steady state currents are measured. 
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According to the nature of the electrical signal, electrochemical sensors can be divided 

into four categories:  

1 Amperometric 

2 Potentiometric 

3 Conductimetric 

4 Impedimetric     

 
 

1.3.3.1 Amperometric transduction 

Amperometric transduction is accomplished by maintaining the potential of the working 

electrode at a fixed value relative to the reference electrode and monitoring the current 

produced as a function of time. The interaction of electroactive species involved in the 

recognition process is detected. 

The driving force for the electron transfer reaction of the electroactive species is the 

applied potential that forces the species to gain or lose electrons. The obtained current is a 

direct measure of the rate of the electron transfer reaction, which at the same time is 

representative of the recognition process and thus, proportional to the analyte 

concentration. 

 

The working electrode is where the electrochemical reactions of the studied species 

occur. Consequently, the selection of working electrode is critical for the design of the 

amperometric immunosensor. An appropriate working electrode should yield high 

sensitivity, selectivity and stability by providing a highly electroactive surface. The 
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factors considered in the selection of the working electrode material are the potential 

limits, background processes of coexisting electroactive species and amenable properties 

for biocompound immobilization. Solid electrodes such as platinum, gold, glassy carbon 

and carbon paste have been broadly used [34]. 

 

Together with the working electrode an amperometric immunosensor contains a reference 

electrode that should have a stable potential to which the potential of the working 

electrode is compared. Silver/silver chloride electrodes are commonly used as reference 

electrodes. A third auxiliary electrode is included for compensating the currents occurring 

at the working electrode. Finally, the three electrode system is connected to a potensiostat 

to control the potential of the working electrode and monitor the obtained current. 

It is obvious that an amperometric immunosensor needs an electrochemical reaction to 

function. It is also obvious that the Ab-Ag interaction does not involve an 

electrochemical reaction. It is therefore necessary for amperometric immunosensors to 

use a labelling system to translate the affinity interaction into an electrochemical reaction. 

 

1.3.3.2 Potentiometric transduction 

In potentiometric immunosensors the recognition process is converted into a potential 

signal proportional to the concentration of species generated or consumed in the 

recognition process. The liberation of ions or gases leads to the development of a 

potential across the sample/transducer interface. The analytical signal of the process is 

generated under conditions of zero current. 
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Potentiometric transduction is simple and of low cost. Nevertheless, amperometric 

transduction still has advantages since it is more sensitive and faster than the 

potentiometric one. 

 

The interaction of Ab-Ag on the electrode surface produces effective charge 

redistribution that under some conditions could be measured as potential signal. 

However, such changes are small and usually some labelling is needed for 

immunosensors. 

 

1.3.3.3 Conductimetric transduction 

Conductimetric transduction relies on the biological or chemical modulation of the 

surface conductivity.  Conductimetric transduction is fast, inexpensive, does not require a 

reference electrode and is suitable for miniaturization. Strong dependence of the response 

upon the buffer capacity and upon the number of ions represents disadvantages of the 

conductimetric transduction. 

 

1.3.3.4 Impedimetric transduction 

 Impedance spectroscopy (including Faradaic impedance in the presence of a redox probe 

and non-Faradaic-capacitance methods) is considered as a rapid technique for the 

characterization of the structure and functional operation of biomaterial-functionalized 

electrodes [3, 35]. The immobilization of biomaterials on electrodes produces changes in 

the capacitance and interfacial electron transfer resistance of electrodes causing changes 
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in the impedance. Hence interfacial changes generated by biorecognition processes can 

be detected by this electrochemical technique. 

 

Faradaic impedance spectroscopy has been considered as a time-consuming method since 

typical duration time for an impedance spectrum experiment is 15 -20 minutes, due to the 

need of recording the impedance features within a broad region of frequencies [24]. This 

limitation could be overcome by the use of a single frequency value; however less 

accurate results may be obtained from this limited-frequency-range method. 

 

Although the need for mobile electrolytes and the fact that electrodes can be easily fouled 

have been pointed out as disadvantages of electrochemical transduction [36], the use of 

conducting polymer coatings and the rational design of the immunosensor can help to    

overcome or minimize such possible drawbacks. 

 

1.3.4 Immobilization methods 

Methods for immobilization of the biological components include covalent binding, 

entrapment, cross-linking and adsorption. The appropriate immobilization of the 

immunoassay components is necessary for the retention of native conformation and 

binding characteristics of antibodies [37].  

 

1.3.4.1 Immunosensor surface modification 
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Chemical modification of sensor surfaces has two main purposes: a) to attach selective 

groups that will later recognize the analyte and b) to increase the selectivity of the sensor 

by reducing interferences from non specific interactions. 

 

Several chemical groups can be attached to surfaces, including small molecules or 

macromolecules. The formation of self assembled monolayers (SAMs) is widely used as 

a method of functionalization of the surface to immobilize biological compounds. This 

occurs through the formation of strong metal-S bonds of thiols that expose free 

carboxylate or amine groups that can be linked easily to biological compounds [38]. 

 

The major advantages of organized SAM immobilization compared to random 

immobilization such as hydrogel entrapment, are that SAMs allow ordered 

immobilizations and that the functionalized surface can be easily tailored by only 

changing the head groups of thiols. Also mass transport limitations are not as significant 

in monolayers as in hydrogels, a fact that is important in the case of high-molecular-

weight molecule diffusion. Finally, in the case of SAM based immobilizations the 

bioactive molecules are positioned at a uniform distance from the surface/electrode layer 

rather than being distributed throughout a thick layer hydrogel [39]. Novel strategies for 

protein immobilization on metal surfaces using supramolecular chemistry have also been 

reported [40, 41].   
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1.3.4.2 Biomolecule immobilization 

Of great importance in immunosensor development is the formation of an active surface 

with functional molecules. The immobilized molecules will decide the major part of the 

performance of the electrodes and they should be specifically orientated in order to 

enhance the immunosensor performance. Immobilization can be achieved through [42, 

43] : 

 

1. Covalent binding of the biomelecule or Ag to activated surface groups  

 

2. Entrapment into a film or coating. 

 

3. Cross-linking which is similar to entrapment, with the addition of a 

polymerization agent (e.g. glutaraldehyde) used to provide additional chemical 

linkages between the active and entrapped component and the film. 

 

4. Adsorption via hydrophobic, hydrophilic or ionic interaction with a film or 

coating. 

 

5. Biological binding by strong affinity interactions. 

 

Reproducible immobilization of functional biomolecules is the challenge nowadays in 

biosensor development. Many immobilization methods are too complex or need too many 
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steps to be successfully transferred to large scale production. Entrapment and cross-

linking methods are the simplest procedures for immobilization but they do not guarantee 

an orientated immobilization of the active molecule. The literature defines as ideal, the 

immobilization procedure which can be carried out in no more than three easy-to-do 

steps,  can guarantee the adequate orientation of the functional molecule and is stable for 

at least 1 year with retention of more than 90 % of its specificity and sensitivity [16]. 

 

1.3.5 Immunoassay formats 

Immunoassays can be divided into four main formats: direct binding, competition, 

displacement and sandwich formats. Fig. 1. 2 illustrates the basic configuration of the 

four formats.  Introduction of a secondary labelled antibody, coating of surface with 

antigens covalently attached to macromolecules and pre-incubation of competing species 

are also widely used according to the analytical problem to be solved, the nature of the 

analyte, cost and availability of the immunoreactants and stability of the conjugates. 

 

Direct binding (Fig. 1. 2 (a)): The analyte/antibody in solution binds directly to the 

receptor (antibody/analyte) on the surface. If the species in solution are labelled, then the 

procedure is called “direct”, oppositely if a second labelled compound (like a second 

labelled antibody) is needed, then the procedure is called indirect ELISA.   

 

Competition assay (Fig. 1. 2 (b)): This assay involves competition between two reactants 

for a third one. One of the reactants is immobilized on the surfaces and the other two are 
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added simultaneously. A modification of this assay consists of a pre-incubation step for 

the two non-immobilized species before putting them in contact with the third one.  

 

Displacement assay (Fig. 1. 2 (c)): In this assay, an analogue of the analyte of interest 

(sub-optimum antigen) is added to react with the immunoreactant on the surface.  In 

direct assays the sub-optimum antigen is labelled while for indirect assays the labelled 

species are introduced in a later step.  

In the case of labelled sub-optimum antigen, the addition of the analyte of interest 

displaces the sub-optimum labelled antigen and binds to the labelled antibody or simply 

displaces the labelled antigen from the immobilized immunoreactant. Higher analyte 

concentrations cause lower signals.  

Displacement assay have the advantage of being short-time-requiring assays. The time 

needed is essentially the time required for the analytes to displace sufficient amount of 

the displaced compound. The time needed to displace a sufficient amount of detectable 

labelled antigen can be as short as a few seconds [44].  

Competition and displacement assays are applied for the detection of small molecules in 

particular.  [45]. 

 

Sandwich assay ( Fig. 1. 2 (d)): This assay requires large antigens, as two antibodies are 

meant to bind to it. Therefore, small analytes cannot be detected by this format. 

Increasing analyte concentration generates an increase in signal. The use of a labelled 

antibody in the third step or the need for another labelled antibody (meaning a total of 

three antibody layers) give rise to direct or indirect sandwich assay respectively. 
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Fig. 1. 2:Immunoassay formats. (a) Direct binding; (b) Competition; (c) Displacement and (d) 
Sandwich assay 
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1.4 Overcoming Non Specific Adsorption 

The developed immunosensor should be highly sensitive to the analyte of interest and at 

the same time should have high resistance to interactions with irrelevant components of 

the sample matrix, so as to avoid false sensor signal.  

 

Several strategies have been reported to combat the NSA phenomenon; the use of 

proteins like bovine serum albumin (BSA) is an example of a protein broadly used to 

block the sensor surface [19]. Blocking agents include proteins (gelatin, casein), 

surfactants (Tween 20), Langmuir-Blodgett (LB) films and chemically designed surfaces 

[46-49]. The use of merely Fab portions has been found to minimize NSA, as this avoids 

using the entire immunoglobulin molecule which contains Fc sections to which molecules 

may attach [50]. The NSA phenomenon plays an especially critical role for low 

concentrations of analyte and has been reported as one of the main factors affecting the 

sensitivity of an immunoassay [51]. The lowest limit of detection of an immunoassay has 

been reported to be determined not only by the binding constant of the antibody but also 

by the NSA of the assay [44].  

 

1.5 Commercialization 

Biosensor technologies have a broad potential for commercialization in food, drink and 

chemical industries where real-time methods for monitoring, quantification and 

differential analysis of chemical processes and products are required [3, 4, 21].  
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However, despite the great number of immunosensor publications, only a few systems are 

commercially available. Limited lifetime of the biological components, difficulties in 

mass production and a “not-easy-to-do” analysis are considered as drawbacks for their 

commercialization [3]. Future improvements in the immunosensor field are anticipated to 

arise with the construction of immunosensor arrays and the expansion of antibody 

production by recombinant technologies [23].  

 

1.6 The real-time, reagentless and fast responding paradigm 

Of great interest is the development of biosensors that allow rapid and easy-to-do 

detection of the analyte of interest. The ability to use unmodified sample without the 

addition of any other reagents to obtain real time data is also desirable. The idea of 

simply applying a drop of untreated sample on a biosensor in order to obtain the required 

information is what motivates the exploration and advancement of these devices, i.e., 

reagentless and real time immunosensors are called for. 

 

To reach this objective immunosensors operating by displacement could result in 

reagentless, labelless and fast responding devices. Displacement immunosensors are 

based on the use of a labelled sub-optimum antigen that binds to the antibody and forms 

an immunocomplex to produce a detectable signal. These labelled sub-optimum antigens 

are displaced by the analyte generating a change in the generated signal. If the signal of 

the label is produced in the absence of other reactants, then displacement is the key point 

to reagentless and labelless immunosensors. Electrochemical devices have been described 

as simple and inexpensive. Additionally amperometric devices offer the simplest 
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operational mode [52]. Still, only a small percentage of the literature is dedicated to the 

development and study of displacement electrochemical immunosensors. 

 

As far real time detection, optical signal transduction of surface plasmon resonance (SPR) 

has been widely used [9, 45, 53, 54]. Real time detection of small molecules like 2,4,6-

trinitrotoluene (TNT) has been carried out by SPR under direct and indirect competitive 

immunoassays [55, 56]. Competitive real time detection of TNT has also been reported 

with the use of a flow system using fluorescence [57, 58]. An example of 

electrochemical, real time detection is the analysis of the pesticide atrazine using a 

competition format [7].  

 

Regarding the application of a displacement format; electrochemical detection of 

polycyclic aromatic hydrocarbons (PAHs) has been reported using an indirect 

displacement immunoassay. The electrochemical detection was carried out via the 

addition of reagents it was not performed in real time [59]. Another example is the 

displacement electrochemical immunosensor for the herbicide 2,4-dichlorophenoxyacetic 

acid (2,4-D) [60] where, again, detection was not achieved in real time. The authors 

reported that the displacement efficiency can also be modulated by the antibody valency 

[61]. Displacement was used in an affinity column with electrochemical detection of the 

effluent [62, 63].  

 

DNA sensors  (another type of affinity sensors) are easier to be adapted to displacement 

[18].  Single-step electronic detection of femtomolar DNA by target-induced strand 
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displacement has been reported in a real time and label-free electronic DNA sensor. The 

authors achieved a subpicomolar detection limit [64].  

Examples of reagentless detection include the immobilization of compounds covalently 

modified with the mediator [65, 66], or the use of redox polymers which also function as 

a network where other immunosensor components can be immobilized [65, 67, 68]. 

 

According to the previously mentioned published works, not many displacement 

electrochemical immunosensors (DEI) have been reported. In this work, the development 

of DEI is explored and implemented for the detection of 2,4,6-trichloroanisole. 

 

1.7 The TCA problem. An overview 

Cork taint is a musty, mouldy, earthy [69], corky [70], fungal-must [71] off-flavour in 

wine which has been mainly attributed to the presence of 2,4,6-trichloroanisole (TCA, 

Table 1. 1) in cork stoppers [69, 72-75]. The presence of this off-flavour costs the wine 

industry about 1 billion euro annually and a negative effect on the reputation of wineries 

[72, 76-78]. Different wine types can be distinctly affected by cork taint; higher incidence 

in white wines compared to red wines have been reported [79]. TCA sensory threshold in 

wine have been situated in the ppt range depending of the wine type; 3 ppt to 10 ppt for 

white wines [80-83]  and 40 ppt to 50  ppt for red wines [81, 84]. Still, the wine industry 

widely uses cork stoppers because some enologists believe that they have a positive 

contribution to wine ageing and excellent sealing properties [85], and because of the 

positive image they create for the consumer.  
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Table 1. 1: TCA physical properties 

 

 

TCA physical properties 

Synonym 2,4,6-trichloro-1-methoxybenzene 

Molecular formula Cl3C6H2OCH3 

Molecular Weight 211.47 

Boiling Point 132 °C 280 ºmm Hg 

Melting Point 60 – 62 ºC 

Water solubility 10 ppm [86] and 5.4 ppm [87] 
 

 

 

1.8 Economic sectors affected by TCA 

The most visible sectors affected by TCA are the wine and cork industries. Nevertheless, 

musty odours have also been reported in surface water [88, 89], potatoes (Nova Scotia 

potatoes) [90], sake [91] and Mexican coffee [92].  

In most of the cases, the presence of TCA has been attributed to fungal and bacterial 

transformation of precursors that exist naturally in wood, although the problem is 

compounded by the use of pesticides and herbicides that provide the chlorine atoms [93]. 

 

1.9 Cork as wine stopper  

1.9.1 Quercus suber for cork production 

Cork is obtained from a species of oak tree (Quercus suber) that grows in several 

Mediterranean countries. It is fabricated from the outer bark (suberose parenchyma) of 

the oak tree. 
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Harvesting the first commercially acceptable cork can take over 43 years of tree growth 

(Fig. 1. 3). After the first 25 years, the virgin cork (first bark) is removed. At this stage 

the tree should have reached more than 0.6 m in diameter and 1.2 m in height. The 

second cork bark stripping occurs 10 years later. At this stage cork bark is not structurally 

homogeneous enough to produce natural (one-piece) cork stoppers. After another nine 

years approximately, the third generation of cork bark is ready to be commercialized. 

Each tree can be harvested every nine years which represents about 10 to 15 times in their 

lifetime as oak trees can live 150 to 250 years. 

 

 

Fig. 1. 3: Cork harvesting (www.canadaportugalchamber.ca/cork.htm) 

 

1.9.2 Chemical composition of Cork 

The chemical composition of cork is approximately 43 % suberin (a polyester with 

mainly fatty acids side chains), 28 % lignin, 13 % cellulose, 6 % tannins, 5 % waxes and 

5 % ash. About 90 % of the cork stopper is gas, resulting in a density of 0.12 to 0.20 kg 

25 years 35 years 43 years

Virgin cork Secondary
cork bark
stripping

Third generation 
(amadia)

Suitable for stopper 
productions

Cork oak
Quercus suber

Planted acorn

25 years 35 years 43 years

Virgin cork Secondary
cork bark
stripping

Third generation 
(amadia)

Suitable for stopper 
productions

Cork oak
Quercus suber

Planted acorn

25 years 35 years 43 years

Virgin cork Secondary
cork bark
stripping

Third generation 
(amadia)

Suitable for stopper 
productions

Cork oak
Quercus suber

Planted acorn

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 1                         Introduction 

27 

L-1. Its excellent resilience after insertion into a bottle gives cork a unique capability as a 

bottle seal. This capability is conferred from its structure consisting of polygonal cells (30 

to 42 million cm-3) separated by spaces filled with gas which slows oxygen diffusion 

without completely eliminating it [69]. 

 

1.9.3 Cork stoppers production 

Once harvested, different washing, drying and cutting steps are required to finally obtain 

the bottle stopper (Fig. 1. 4).  

Bark is harvested during spring and summer when new cells are growing making it more 

easily removable from the inner bark (phloem). After strippping, cork bark boards are 

stored in the forest or on factory yards as raw material for cork stopper production.  

 

The next step is the boiling of the bark boards in large brick tubs for about one hour.  The 

aim of this boiling step is to straighten out the boards and wash out some of the bitter and 

astringent tannins which are undesirable for its future use in wine bottling. Cork boards 

are then air-dried, boiled and dried a second time.  

 

It is during the drying process when mould growth occurs, covering the boards with a 

white blanket of mycelia. This undesirable growth of mycelia could be avoided if 

washing and drying steps were carried out under controlled conditions in the cork 

industry. Autoclaving the cork boards are recommended, as during traditional boiling, the 

temperature within the boards does not exceed 87 ºC. Therefore mould spores are not 

destroyed. 
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Afterwards, cork boards are sliced into sections, and sanded and graded into the desired 

cork size. Several washing and bleaching steps are applied to sanitize and to lighten the 

colour of the cork stoppers. Corks are dipped into a calcium hypochlorite bath for less 

than five minutes, and then kept at room temperature for at least two hours before rinsing 

and neutralizing the oxidant with oxalic acid solution. 

 

Hypochlorite has been blamed as another possible source of chlorine atoms and therefore 

alternatives such as hydrogen peroxide are today widely used together with citric acid as 

a neutralizing agent.  Other alternatives are potassium metabisulfide and sulfamic acid. In 

the case of sparkling wine corks, which are prepared from bark cork disks that are glued 

to an agglomerated section, ethanol and citric acid at elevated temperature are used. 

Ozone is now examined as an economically viable alternative. 

 

The final steps consist of rinsing with clean water and adjusting moisture levels (5.5 % to 

8 %) in continuous tunnel dryers to avoid the growth of microorganisms on the washed 

corks. Accurately adjusting the moisture levels helps to avoid conditions for mould 

growth, and at the same time maintains the expected flexibility necessary for sealing 

bottles. 
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Fig. 1. 4: Schematic of cork stopper production 

 

1.9.4 Cork taint components 

Although the presence of TCA has been pointed out as the major reason for cork taint; 

over one-hundred volatiles have been reported in finished corks [69]. There are different 

chemical/biochemical pathways through which TCA can be formed during cork 

production (Fig. 1. 5) which essentially involve phenols as the basic structure, a chemical 

chlorination step and a microbial methylation [94]. Other mechanisms begin with the 

microbial methylation of phenolic components from the cork lignin. Mould genera that 

have been isolated from cork are Penecillium, Aspergillus, Alternaria (“yellow stain”), 

Mucor, Monilia, Trichoderma, Cladosporium, Paecilomyces, and Phizoctonia [95].  
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The chlorination of anisole in cork occurs during the hypochlorite wash step in cork 

processing, which forms TCA. Another important source of TCA is the original presence 

of chlorophenols in the cork bark. Their presence have been attributed to environmental 

pollution, the use of certain pesticides and herbicides in the cork forest, and absorption 

from wood preservatives during storage [70, 73, 78]. Trichlorophenol (TCP) can be 

methylated at any stage of cork processing or storage if moisture levels allow for mould 

activity. 

Other compounds having sensory characteristics similar to TCA are tetra and 

pentachloroanisoles (2,3,4,6-tetrachloroanisole and pentachloroanisole) and 

bromoanisoles [96] (2,4,6-tribromoanisole TBA). Microbial dechlorination of 

tetra/pentachloroanisoles introduces these compounds for TCA formation [97, 98]. 

 

Fig. 1. 5: TCA formation chemical-biochemical pathways 
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1.9.5 How does TCA reach wine? 

The transfer of TCA from cork to wine occurs mainly due to extraction in wine. TCA 

migration depends on factors such as [77]: 

•  TCA affinity for the surface and the interior part of the cork 

• TCA location (surface of within the closure) 

• the rates at which TCA can migrate through the cork matrix 

• the contact area of the closure with wine 

Contact surface, temperature and time were indicated as factors affecting TCA migration 

[99]. 

In an investigation of TCA migration utilizing corks spiked with 1µg TCA, it was 

revealed that after 4 and 8 months, detected migration was 4 % and 8 % respectively 

[100].  

 
1.9.6 Removal of TCA  

Methods which do not affect cork’s mechanical and bottling properties like oxidation, 

irradiation, ultrafiltration and fungi have been employed with the aim of eliminating 

TCA. 

 

Ozone and other sterilizing gases such as steam have been reported to efficiently remove 

bacteria and moulds from cork stoppers [72].  The use of ozone as a TCA removal agent 

in water was demonstrated to be capable of oxidizing most of the taste and odour 

compounds more efficiently than typical drinking water treatments [101]. 
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The use of irradiation transforms TCA into molecular residues which do not confer 

negative organoleptic characteristics on cork. Electron beam irradiation of contaminated 

cork transformed TCA molecules into non-hazardous radiolytic products, with 2,4-

dichloroanisole and 4-chloroanisole as the main components [102, 103].  

 

Ultrafiltration with hydrophobic membranes has also been successfully utilized in the 

removal of TCA from surface water [82]. 

The use of fungi (Chrysonilia sitophila) has been recommended for industrial cork 

stopper production since it inhibits the development of other moulds and they do not 

produce the compounds responsible for cork taint, even in the presence of chlorophenols 

[104].  

 

1.10 TCA detection 

Because of its volatility, cork and wine matrix complexity and the low human taste 

threshold, TCA detection is especially challenging and beyond the sensitivity of most 

analytical systems [105]. 

 

1.10.1 Sensory detection  

Sensory analyses have been widely used for the detection of TCA in corks and wine 

samples. Nevertheless, the type of evaluated wine can affect the ability of panelists, 

especially at low TCA concentrations [106]. For example, in a sample of red wines 

sensorially qualified as TCA-spoiled, only 75 % of the samples were actually 

contaminated with 2 to 25 ppt of TCA [107]. 
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High correlation coefficient between sensory and instrumental (Gas Chromatography 

with Electron Capture Detection after Headspace Solid Phase Microextraction- HSPME 

GC ECD) analyses of TCA in white wine has been reported [108]. 

 

1.10.2 Detection in wine  

The foremost techniques reported for TCA detection in wine are chromatography 

methods, where preparation and preconcentration steps are required.  

Reviewing the literature (ISI Web of knowledge), the reported work on TCA detection in 

wine can be roughly divided so: 80 % detection with gas chromatography (GC), 15 % 

with immunoassays and 4 % with the application of electrochemical bioanalytical 

devices. 

 

 Gas chromatography (GC) works focus on the optimization of extraction, pre-

concentration and pretreatment for the detection with GC analysis. Extraction and pre-

concentration of TCA using headspace microextration (HS SPME) followed by GC and 

electron-capture detection (GC-EDC) have been widely reported [87, 105, 109-114]. 

These methodologies achieved limits of detection at ppt level [84, 87, 114]. Limits of 

detection below the sensorial threshold level (0.2 to 2.4 ppt) have also been reported 

[115, 116].  

 

Two-dimensional detection by coupling an electron capture detector (ECD) to an 

inductively coupled plasma mass spectrometer (ICP-MS) [117], purge-and-trap pre-
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concentration coupled to capillary GC with atomic emission detection (PT-GC-AED) 

[118], and pervaporation of the analytes with a final determination by GC have also been 

reported [119, 120]. 

 

Magnetic stir bars with coating compounds specific for TCA adsorption prior to GC 

detection also demonstrated their suitability for TCA quantification [121, 122]. 

With regard to detection using immunoassays, indirect competitive enzyme-linked 

immunosorbent assay (ELISA), achieving limits of detection in the range of tens of ppt 

have been reported [83, 86]. Monoclonal and polyclonal antibodies were utilized in these 

works; amplification of the signal was also presented as an alternative. The use of 

selective antibody-antigen solid-phase extraction (SPE) of TCA prior to ELISA detection 

allowed limits of detection of 200-400 ppt [99].  

 

Electrochemical immunosensing of TCA using polyclonal antibodies has been reported. 

The developed methodology achieved limits of detection in the ppt range. The reported 

limits of detection depend on the presence of ethanol in the samples [76].  

 

Among the reported strategies for the detection of TCA in wine, electrochemical 

immunosensing is the strategy that requires the least experimental time since 

chromatography and ELISA methods, depending on the extraction, preconcentration and 

preparation steps required longer experimental time. 
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1.10.3 Detection in cork  

Reported works of TCA detection in cork are mainly aimed at optimizing the extraction 

step prior to detection by GC [123]. Microwave-assisted extraction (MAE) [124], solid-

phase microextraction (SPME) [125], liquid-solid extraction followed by stir bar sorptive 

extraction [126], pressurized liquid extraction [127] and supercritical fluid extraction 

[128] have been reported as steps in pre-concentration/preparation of cork samples for 

later quantification of TCA content by GC.  

 

1.10.4 Detection in water  

Reported detection techniques for TCA in water mainly consist of extraction, pre-

concentration and GC detection [129-135].  

 

1.11 Description of the industrial problem  

It is now accepted that to guarantee the quality of cork for its use as a wine closure, a 

combination of innovations have to be implemented from the forest to the bottler. An 

important part in this process is the cork manufacturing factory. In this step, a 

combination of prevention, elimination, and detection innovations can reach acceptable 

levels of quality and standardization guarantee. A unit operation in this step that is very 

important is the initial boiling of cork bark. This is a batch or semi-batch process with a 

residence time of approximately 120 minutes. If it were possible to detect on line in the 

boiling water the presence of TCA, measures could be taken to either reject the raw 

material, extend the boiling period or replace the boiling water. The task of this on-line 
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control is therefore reduced to detecting TCA in water within a time appropriate to take 

these decisions at the levels that guarantee the quality of the product. It is established 

[136] that an acceptable product is guaranteed when a TCA concentration up to 10 ppt is 

found in the boiling water. If boiling is performed in appropriate equipment that permit 

the condensation of vapours from the boiling water a 15-fold enrichment in TCA 

concentration occurs. Any method of detection that could lead to an alarm at levels 

between 10 to 150 ppt would therefore be appropriate for implementation as an on–line 

device for cork stopper quality control and assurance. As discussed, SPME on PDMS 

fiber for 30 minutes with a thermal desorption of 3 minutes and GC/ECD or GC/MS 

detection allows quantification of TCA at ppt levels with total analysis time of about 45 

minutes with robotic automation of sample preparation. This thesis examines the 

possibility of providing an easier to use method with the same or better performance 

characteristics base on immunodetection. 
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1.12 Objectives 

 
The overall objective of this thesis has been to demonstrate the rational design of a 

Displacement Electrochemical Immunosensor (DEI) through its application to the 

detection of 2,4,6-trichloroanisole (TCA).  

The following specific objectives have been established in order to achieve the overall 

objective: 

 

1. Production and characterization of anti-TCA antibodies and development of an 

Indirect Competitive ELISA for the detection of TCA at human threshold 

concentration levels. 

 

2. Description of the displacement phenomenon through a Mathematical Model that 

could aid the rational design of the Displacement Electrochemical Immunosensor. 

 

3. Development of a Displacement Electrochemical Immunosensor for TCA 

detection. 
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CHAPTER 2 
Indirect competitive ELISA for 2,4,6-

trichloroanisole (TCA) detection 

 

 

2.1 Introduction and aims 

Research work concerning 2,4,6-trichloroanisole (TCA) detection includes two main 

groups of techniques: gas chromatography usually coupled to either mass spectrometer, 

electron capture or atomic emission detectors [1-5] and the immunoassay alternative. 

Enzyme-linked immunosorbent assay (ELISA) emerged during the 1980´s as a sensitive 

and inexpensive analytical method for both clinical and environmental applications. 

ELISA offers advantages such as low cost per analysis, parallel processing, high 

sensitivity and high selectivity [6].  

 

The key step in immunoassay development is the production of a specific antibody 

against the analyte of interest. Studies for the understanding of the generation of 

antibodies for small molecules started back in the 1930´s, when Karl Lansteiner stated 
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that small molecules (MW < 2 KDa) were not capable of inducing an immune response 

themselves. He proposed the use of covalently attached carrier proteins to induce an 

immune response [7]. Therefore, it is necessary to modify the small molecule (hapten) for 

coupling with macromolecules (carrier) so as to make a stable carrier-hapten complex [8]. 

In this sense, the most critical step in the production of selective antibodies against small 

molecules as target analyte, is the appropriate selection and preparation of the analyte 

derivative [9-11]. The right selection of haptenized antigen have demonstrated to be the 

crucial point for the ELISA development [9, 12, 13]. 

 

The development of ELISA for TCA detection has been reported: using polyclonal 

antibodies, direct competitive ELISA with limits of detection of 1 ppb (µg L-1) have been 

developed [14]; also indirect competitive assays with or without previous solid-phase 

extraction (SPE), allowed limits of detection of 200-400 ppt and 44 ppt respectively [15, 

16]. The detection of TCA using monoclonal antibodies in indirect competitive ELISA 

was also reported; in this case the limits of detection were 20 ppt and 10 ppt using two 

different monoclonal antibodies with and without amplification of the signal respectively, 

demanding a total assay time of about 3 hours [17]. 

 

It is the aim of this work to develop an ELISA with a detection limit closely matching the 

human TCA sensory threshold in a relatively short experimental time suitable for 

industrial application.  

Consequently, the rational design of an indirect competitive ELISA for the detection of 

TCA (the antigen of interest or analyte, Ag) at parts-per-trillion (ppt) levels, using a 
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specifically developed monoclonal antibody (MAb), is described in this chapter. The 

design was carried out according to: i) Characterization and selection of specific 

monoclonal antibody (MAb); ii) Generation of suboptimum haptens; iii) Estimation of 

MAb-coating hapten (non-competitive ELISA) and MAb-Ag (indirect competitive 

ELISA) affinity constants (Kaff); iv) Selection of the appropriate coating hapten towards 

indirect competitive ELISA design; v) Optimization of indirect competitive ELISA and 

TCA determination; iv) Improvement of the total assay time. 

 

In this way, an indirect competitive ELISA procedure for the detection of TCA with 

detection limit in the order of ppt, and an assay time of less than 80 minutes, was 

developed. 

 

2.2 Materials  

2.2.1 Chemicals  

2,4,6-Trichloroanisole (TCA, 99 %), 2,4,6-Trichlorophenol (TCP 98 %), Keyhole Limpet 

Hemocyanin (KHL), Bovine Serum Albumin (BSA), 3,3´,5,5´-tetramethylbenzidine 

(TMB, Liquid Substrate for ELISA) as well as solvents and salts for buffer preparations 

and chemicals reagents were purchased from Sigma-Aldrich Chemical Co. (Spain). 

Anti-TCA monoclonal antibody clones were developed in collaboration with 

Antibodyshop (Denmark). Hybridomas were obtained from mice immunized with 

Keyhole Limpet Hemocyanin conjugated with 3-(2,4,6-trichloro-3-methoxy phenyl) 

propionic acid (KLH–Hapten A). The MAbs in 89.9 % RPMI 1640, 10.0 % Fetal Calf 

Serum and 0.1 % sodium azide, were selected according to cross-reactivity with TCP- 
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haptens. The selected MAb was purified (0.01 M phosphate buffer, pH 7.4 with 0.5 M 

NaCl and 15 mM sodium azide; Antibodyshop) and kept at 4 ºC. Horseradish peroxidase 

(HRP)-conjugated goat anti-Mouse (antiIgG-HRP) and anti-Mouse IgG (Fc specific, 

antiFcIgG) antibody produced in goat were purchased from Sigma-Aldrich Chemical Co. 

(Spain). 

 

All reagents were of analytical grade, unless stated otherwise.  

TCA solutions containing 4 % EtOH were prepared starting with mother solutions of 

1000 ppm TCA in EtOH. These mother solutions were first diluted 1000-fold in 

phosphate-buffered saline (PBS) containing 4 % EtOH and next dilutions from ppb to ppt 

level were carried out  in order to keep EtOH content constant (4 %). TCA handling was 

carried out in glass in order to avoid TCA adsorption on the containers.  

TCA solutions containing 4 % EtOH and enzyme solutions were prepared daily. 

Deionized water purified in a Milli-Q system (Millipore, Bedford, MA, USA) was used 

to prepare solutions unless otherwise indicated. 

All blocking, washing and coating steps of the ELISA procedures described next were 

carried out using:  

• Phosphate-buffered saline (PBS): 0.01 M phosphate buffer with pH 7.4  

• Washing buffer: PBS with 0.05 % Tween 20  

• Blocking buffer: PBS with 2 % milk powder 

• Coating buffer: 0.05 M carbonate-bicarbonate buffer, pH 9.6 
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2.2.2 Instrumentation and apparatus 

ELISA plates were read using a Microplate Spectrophotometer SpectraMax 340 PC from 

Molecular Devices (bioNOVA Científica, Spain). Absorbance measurements for activity 

assays were collected using Hewlett Packard UV-Vis Spectrophotometer 8453/G1103A 

with Deuterium discharge lamp and diode array detector, interfaced with a PC (Hewlett 

Packard Española. Agilent Technologies, Spain). Measurements of pH and conductivity 

were obtained with a CyberScan 2000 pH meter (Eutech Instruments, Netherlands) and a 

Crison Micro CM 2202 conductimeter (Instrumentos Cientificos, Spain) respectively. 

Incubations were performed in an orbital incubator (SI50, Stuart Scientific, USA). 

Accelerated Aging experiments were carried out in a JPSelecta 2000208 oven (J.P 

Selecta, Spain). 

 

Microspin G25 centrifugal device, and NAP-10 G25 columns were obtained from 

Amersham Biosciences (Sweden). Immunopure (Protein A) IgG Purification Kit was 

obtained from Pierce Biotechnology (Cultek, Spain). Polystyrene microtiter plates were 

purchased from Nunc (Maxisorp, Denmark). 

 

The characterization of bioconjugates was carried out using matrix assisted laser 

desorption ionization-time-of-flight mass spectrometry (MALDI TOF) on a stainless steel 

plate with a software Voyager DE-STR High Performance from MALDI-TOF Mass 

Spectrometer from Applied Biosystems. 

TCA detection by Gas Chromatography was carried out using a Gas Chromatograph 

equipped with a 63Ni electron capture detector also from Varian. 
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2.2.3 Haptens production 

Derivatives of the analyte (Haptens, Fig. 2. 1) were prepared according to published 

work:  3-(2,4,6-Trichloro-3-methoxyphenyl) propanoic Acid (Hapten A, HA) and 5-

(2,4,6-Trichlorophenoxy) pentanoic Acid (Hapten B, HB) [18], 2,4,6-

Trichlorophenoxyacetic acid (Hapten 1, H1) [10], 3-Chloro-2-methylphenoxyacetic Acid 

(Hapten 3, H3) [19] and 3-(3-Hydroxy-2,4,6-trichlorophenyl)-propanoic Acid (Hapten 

Ph, HPh) [11]. 3-(4-Methoxyphenyl) propionic acid (Hapten Z, HZ) was purchased from 

Sigma-Aldrich Chemical Co. (Spain).  

 

2.2.4 Hapten carrier (KHL-Hapten A) and coating haptens (BSA-Hapten) 

preparation  

Preparations of immunogen (KHL-Hapten A) and coating haptens (Bovine Serum 

Albumin BSA- Hapten; BSA-HA, BSA-HPh, BSA-HB, BSA-H1, BSA-H3, BSA-HZ) 

were carried out by the active ester method [17, 18]. The conjugation was characterized 

by MALDI-TOF-MS by mixing 5 µL of the matrix (3,5-Dimethoxy-4-hydroxycinnamic 

acid 10 mg mL-1 (Sinapic acid) in CH3CN/H2O 1:1, 0.1 % TFA) with 5 µL of the 

investigated solution (10 mg mL-1 in CH3CN/H2O 1:1, 0.1 % TFA) . The conjugates were 

lyophilized and stored freeze-dried at -25 ºC until use. 
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Fig. 2. 1: Chemical structures of TCA, TCP and derivates of the analyte (haptens) investigated for 
the design of the indirect competitive ELISA. 

 

2.2.5 TCA detection by Gas Chromatography 

The simplified SPME/GC-ECD method was as follows: Measurement of 2,4,6-TCA was 

carried out using GC/ECD. The Solid Phase MicroExtraction (SPME) was performed 

using PDMS fibers (100µm) obtained from Supelco. Chromatographic analyses were 

performed in a Varian 3600 Gas Chromatograph equipped with a 63Ni electron capture 

detector also from Varian. Injection at 250ºC was carried out  in the splitless mode (2 

min). Separation was achieved using a CP-Sil5 CB 50 m x 32 mm x 0.20 µm, Chrompack 

capillary column, from Varian. Carrier gas was high-purity helium flowing through the 

column at 2 ml/min. The oven temperature was held at 70ºC for 1 min, and it was raised 

to 150ºC with 25ºC/min (2 min), and then to 200ºC at 5ºC/min (2 min) and finally to 

250ºC at 5ºC/min. (5 min.). The ECD temperature was set at 300ºC. TCA samples 
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prepared to be analysed through ELISA or electrochemical measurements were 

contrasted with GC results. 

 

2.2.5 ELISA procedures  

In other to evaluate the effects of several factors as well as study the improvement of the 

indirect competitive ELISA for TCA detection, different procedures were established. 

 

2.2.5.1 Procedure 1: Indirect non-competitive ELISA (INCE) 

Fig. 2. 2 depicts the general procedure followed for INCE. The evaluation of the 

interaction of the MAb with the different coating haptens (BSA-Hx, where x represents 

any of the investigated haptens) was carried out following Procedure 1 (Fig. 2. 2). 

Controls description corresponds to the step at which the control was implemented (step 

1: absence of coating hapten or absence of hapten in the coating; step 2: no addition of 

MAb (only PBS) and steps 1 and 2: absence of hapten in the coating together with no 

addition of MAb). The absorbance values used in this work always correspond to 

corrected absorbance values (Absi), where the non corrected absorbance (AbsNCi) was 

corrected by subtracting the average absorbance of the controls (Abs controls). 

 

2.2.5.2 Procedure 2: Indirect non-competitive ELISA (INCE) for cross-reactivity study 

In order to evaluate the cross-reactivity of the clones, procedure 1 (Fig. 2. 2) using BSA-

HA or BSA-HPh as coating haptens (1µg mL-1) was carried out. The cross-reactivity was 

calculated as follows:  
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100*
HA-BSA50

HPh-BSA50

IC

IC
 reactivity-Cross % =  

 
where IC50 BSA-HA is the corrected absorbance obtained when the microtiter plate was 

coated with BSA-HA and IC50 BSA- HPh corresponds to corrected absorbance when the 

microtiter plate was coated with BSA-HPh. 

 

2.2.5.3 Procedure 3: Indirect non-competitive ELISA (INCE) for ethanol effects study 

Since TCA has low water solubility, organic solvents are required to produce the mother 

solutions. Dimethyl sulfoxide (DMSO), methanol (MeOH) and ethanol (EtOH) were 

investigated in preliminary experiments. In contrast to EtOH, non-reproducible data was 

observed for DMSO and MeOH (data not shown). EtOH was therefore used and its 

effects on the immunoassay were investigated.  

 

Eq.2. 1 
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Fig. 2. 2: Schematic of indirect non-competitive ELISA (INCE), Procedures 1 to 3. Serial dilutions of 
MAb were carried out in PBS containing different EtOH percentages in the case of ethanol effects 
study (2.2.5.2) 

 

INCE was carried out according to Fig. 2. 2. The study was implemented in step 2 by 

diluting the MAb in PBS solutions containing different EtOH percentages.  
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The final corrected absorbance (relative to controls) for every EtOH percentage (IC 50 

%EtOH) was referred to the one obtained when the MAb was diluted in the absence of 

EtOH (IC 50   PBS). The percentage of Lost Signal was calculated according to: 

 

 

100*%
50

%5050













 −
=

PBS

ETOHPBS

IC

ICIC
SignalLost  

 

 

2.2.5.4 Procedure 4: Indirect competitive ELISA (ICE) for pre-incubation time study  

Fig. 2. 3 describes the steps followed for ICE.  As detailed in the previously mentioned 

figure, a fixed MAb concentration of 6 µg mL-1 was used in all pre-incubation steps. 

TCA and MAb added concentrations diluted to half (3 µg mL-1  MAb or 2x10-8 M MAb. 

MW 150 kDa [20] for conversion) in the pre-incubation, since they are added in the same 

volume. Aliquots to be added in the pre-incubation step were carefully selected according 

to the desired final antibody and analyte concentrations. 

Controls description corresponds to the step at which the control was implemented; 

control steps 1b and 2 were considered to calculate corrected absorbance (Absi). 

 

Eq.2. 2 
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Fig. 2. 3: Schematic of indirect Competitive ELISA (ICE) for pre-incubation time study, Procedure 4. 

 

Control columns for no competition (control at step 1a, Fig. 2. 3), i.e. aliquots of MAb 

pre-incubated in the absence of TCA in PBS 4 % EtOH, were included in every plate. 

From this control maximal absorbances were obtained, representing the total free MAb 

signal. 
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ICE results were normalized as percentage of free antibody (% free MAb) referred to the 

signal obtained when the antibody was not subjected to competition with TCA (Ab No 

competition), the percentage was calculated as follows: 

 

100*100*%
)(

)()(

TCANo

TCA

ncompetitioNo

TCAfree

Abs

Abs

mAb

mAb
MAbfree ==  

 

where Abs (TCA) is the corrected absorbance obtained from competition assay at a TCA 

concentration of the analyte and Abs (No TCA) is the corrected absorbance obtained from 

competition assay in the absence of TCA. 

 

2.2.5.5 Procedure 5: Optimized Indirect competitive ELISA (OICE) 

The conditions selected for the optimized assay for the ICE are depited in Fig. 2. 4. Also 

in the same schematic the steps where the Accelerated Aging tests were carried out (T1 

and T2) are indicated.  

Competition results were expressed as percentage of free MAb (%free MAb), according 

to Eq.2. 3. 

Eq.2. 3 
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Fig. 2. 4: Schematic of optimized indirect competitive ELISA (OICE), Procedure 5. T1 (coating) and 
T2 (coating and blocking) depicts the steps where the Accelerated Aging test was carried out. 
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The methodology for Accelerated Aging (AA) test followed American Society for 

Testing and Materials (ASTM) International regulation [21]. 

Two types of precoated plates were tested (step 1b Fig. 2. 4): only with coating (namely 

Treatment 1, T1) or both with coating and blocking steps (namely Treatment 2, T2). Once 

coating (T1) or coating and blocking (T2) of microtiter plates was completed, plates were 

washed, manually sealed and stored at the chosen temperature during the required 

Accelerated Aging Time (AAT). Table 2. 1 details the parameters of the experimental 

design of the AA test.  

 

Under the experimental applied temperature (45 ºC), the results obtained after the 

Accelerated Aging Time (ATT) of 1 to  4 weeks (1W, 2W, 3W and 4W) will correspond 

to a simulated lifetime of 5, 10, 15 and 20 weeks at 25 ºC respectively. The post-aging 

testing was carried out following the corresponding steps of OICE Procedure 5 and 

comparing the results with data from the original plates not subjected to accelerated aging 

(No AA).  

 

Table 2. 1: Accelerated Aging test. Experimental design according to ASTM F 1980-02 

 
Q10 TAA TRT AAF Desired RT AAT 

2 45 ºC 25 ºC 4.92 
5, 10 , 15 and 

20 weeks 
1W, 2W, 3W 

and 4W 

 

Q10 : Arrhenius reaction rate function states that a 10°C increase or decrease in temperature of a homogeneous process results in 
approximately, a two times or 1⁄2-time change in the rate of a chemical reaction namely Q10. Q10 equal to 2 is a common and 
conservative means of calculating an aging factor [21]. TAA: Selected Accelerated Aging Temperature (°C); TRT: Ambient Temperature 
(°C). AAF (Accelerated Aging factor) = ( )[ ]10^

10
RTTAATQ − . Desired RT: Desired simulated Real Time. AAT: Accelerated Aging Time to 

simulate a Desired RT; AAT = Desired RT/AAF  
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2.3 Results 

 

2.3.1 Selection of monoclonal Antibody. Cross-reactivity study 

The aim of these experiments was to select among the MAbs according to their cross-

reactivity to TCA and TCP derivates in the coating. The interaction of the clones vs. the 

coating haptens was determined by investigation of the binding of serial dilutions of each 

MAb to microtiter plates coated with serial dilutions of different coating haptens. Cross-

reactivity percentages calculated according to Eq.2. 1 ranged from less than 1 % to more 

than 100 % (Table 2. 2). The MAb obtained from the clone that showed less cross-

reactivity was chosen for further experiments (clone 7, MAb).  

Table 2. 2: Cross-reactivity percentages of the ten risen clones 

 
Clone N0 1 2 3 4 5 

% Cross-reactivity 
(n=5) 

70.5 
± 9.1 

0.5 
± 0.3 

32.0 
± 8.0 

109.0 
± 2.3 

108.0 
± 3.0 

 
Clone N0 6 7 9 10 11 

% Cross-reactivity 
(n=5) 

26.3 
± 1.6 

0.3 
± 0.1 

71.1 
± 1.1 

91.0 
± 3.2 

79.2 
± 9.1 

 

 

A typical response of the interaction of low-cross-reactivity clones vs. BSA-HA, BSA-

HPh or control wells is depicted in Fig. 2. 5. 
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Fig. 2. 5: Signal generated (absorbance) by the interaction of low-cross-reactivity MAb obtained 
from clone with TCA or TCP derivates coating haptens and control wells.  

 

Cross-reactivity results were also useful to estimate the appropriate coating hapten and 

antibody concentrations for future indirect competitive assays. 

 

2.3.2 Effect of ethanol content in TCA samples  

The effects of ethanol -needed for TCA solutions- in ELISA response were investigated 

by implementation of Procedure 3, where MAb solutions were prepared in the presence 

of different percentages of EtOH. Fig. 2. 6 demonstrates that, relative to the signal 

generated in absence of the solvent, the presence of less than 5 % EtOH does not 

significantly affect the generated signal. Hence TCA solutions were prepared with 4 % 
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EtOH, since the incubation with equal volume of MAb would result in 2 % EtOH final 

content. The percentage of lost signal (% Lost Signal) was calculated according to Eq.2. 2 
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Fig. 2. 6: Effect of EtOH content in TCA samples, expressed as % Lost Signal relative to the signal 
obtained in absence of EtOH. The results (five replicates) were calculated according to Eq.2. 2. 

 

2.3.3 Affinity Constant (Kaff) estimation 

Once the MAb from the clone with lowest cross-reactivity was chosen and the adequate 

ethanol percentage was selected, the estimation of the affinity constants between MAbs 

and haptens was carried out. 

 

2.3.3.1 MAb-coating hapten affinity estimation. Indirect non-competitive ELISA 

Estimation of the MAb-coating hapten affinity constant was carried out by non-

competitive ELISA.  The constants were estimated according to literature [22-24] as 

detailed in the discussion section. 
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The estimated affinity constants (Table 2. 3) provided a range of one order of magnitude 

for choice of appropriate coating hapten. 

Table 2. 3: Selected monoclonal antibody (MAb)-coating haptens affinity constant estimation 

 
Coating hapten BSA-HA BSA-H1 BSA-HB BSA-H3 BSA-HZ 

Estimated MAb-coating hapten 
affinity constant* ( M-1) 2.05x106 1.52x106 7.70x105 2.80x105 2.33x105 

 

* The % error consisted in less than 2 % of the estimated affinity constant 

 

The different affinities of the MAb for the coating haptens are demonstrated in Fig. 2. 7, 

where non-competitive ELISA was carried out using plates coated with same 

concentration (25 µg mL-1) of coating haptens. According to the results, BSA-HZ is the 

coating hapten for which the MAb has the lowest affinity and BSA-HA being the hapten 

with the highest. 

                     

Fig. 2. 7: Non-competitive ELISA for serial dilutions of selected MAb on microtiter plates coated 
with  different coating haptens (25 µg mL-1). The figure illustrates corrected absorbance values vs. 
concentrations of the MAb.  
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2.3.3.2 MAb- compounds in solution affinity. Indirect competitive ELISA 

Estimation of affinity constants of MAb with TCA, TCP and HA in solution were carried 

out by indirect competitive ELISA. As detailed in the discussion section according to 

literature [25]. 

The competition assays were carried out using the coating hapten with intermediate 

estimated affinity (BSA-HB, Fig. 2. 7). The estimated affinity constant, calculated from 

four replicates, are depicted in Table 2. 4. 

Table 2. 4: Estimated affinity constants for HA, TCA and TCP 

 

Estimated affinity constants  (M-1) 

HA TCA TCP 

2.10 (± 0. 71) x 106 1.82 (± 0.58) x 105 1.69 (± 0.44) x 104 

 

 

According to the estimated affinity constants of the MAb with the analyte (Kaff TCA 

1.82x105 M-1) and with the coating haptens (Kaff BSA-Hx 2.05x106 to 2.33x105 M-1), only 

competitors with affinity constants in the order of the analyte were available for the 

indirect competitive ELISA. 

 

2.3.4 Selection of coating hapten towards indirect competitive ELISA for 

TCA determination 

Thinking ahead in the development of an ICE for TCA detection matching human 

threshold, three coating haptens with affinity constants in the order of magnitude of 
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MAb-TCA (BSA-HB, BSA-H3 and BSA-HZ) were selected. The coating haptens were 

investigated using Procedure 4 and calculating preliminary limits of detection of TCA. 

The obtained preliminary limits of detection were 416 ppb, 300 ppb and 2 ppb for BSA-

HB, BSA-H3 and BSA-HZ respectively, which are expected from the estimated MAb-

coating hapten affinity constant. The results demonstrated that regardless of the 

apparently insufficient difference between the affinity constants of MAb-TCA and MAb-

coating haptens; the detection of the analyte of interest by competition was still possible.  

Hapten Z coating (BSA-HZ) was selected to continue the improvement of the ICE for 

TCA detection. 

 

2.3.5 Pre-incubation time effect  

Previous work [12, 16, 26, 27] reported that on a competitive ELISA, the sensitivity of 

the immunoassay can be tuned by optimizing the time that the immunoreactions are 

allowed to take place. With the aim of improving the ICE limit of detection by changing 

the pre-incubation time, preliminary exploration of the competition assay for 1 ppm TCA 

by changing pre-incubation and competition time was carried out. 

 

As detailed in Table 2. 5, the less percentage of free MAb was obtained in the case of 30 

minutes of pre-incubation and 5 minutes of competition on plate. Competition times of 

less than 10 minutes (5 minutes in this study) agreed with the literature [28, 29] and 

seemed to demonstrate potential to enhance the TCA detection by changing the pre-

incubation time.  
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Table 2. 5: Effect of pre-incubation and competition time on the percentage of free MAb (% free 
MAb) for 1 ppm TCA  

 
Pre-incubation time 

 (minutes) 

Competition time 

(minutes) 

% free MAb 

(6 replicates) 

5 5 72 % 

30 30 81 % 

30 5 54 % 

15 5 78 % 
 

Accordingly, different pre-incubation times were explored maintaining the duration of the 

competing step in 5 minutes (step 2 in Fig. 2. 3). Fig. 2. 8 shows the performance of the 

indirect competition through different pre-incubation times. The exploration of a broad 

concentration range (1 ppt to 1 ppm) indicates a tendency of improvement of the 

competition up to 30 minutes after which a longer pre-incubation time does not mean a 

better detection (Fig. 2. 8 (a)). A closer examination of units to hundreds of ppt range also 

demonstrates the better performance for 30 minutes of pre-incubation in the lower range 

of concentrations (Fig. 2. 8 (b)). The sensitivity of the assay is also demonstrated in the 

same figure, since evidence of TCA detection in the range of units of ppt is shown. 

However, less reproducibility is observed for the lowest investigated concentration (1 

ppt).  

Pre-incubation time of 30 minutes was chosen as a compromise solution between good 

performance of the assay (according to percentage of free MAb relative to TCA 

concentration) and required experimental time. 
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Fig. 2. 8: Pre-incubation time effect on the percentage of free MAb. (a) Pre-incubation of 1 ppt, 1 ppb 
and 1 ppm during 0, 5, 30 and 120 minutes. (b) Pre-incubation of 1 ppt, 10 ppt and 100 ppt during 0, 
5, 15, 30 and 120 minutes 

(b) 

(a) 

(b) 
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2.3.6 Optimized indirect competitive ELISA for TCA detection 

Indirect competitive ELISA using previously selected BSA-HZ as coating hapten was 

carried out following the OICE procedure (Fig. 2. 4). The limit of detection obtained in 

preliminary experiments was enhanced by selection of the pre-incubation time (30 

minutes) and further exploration of TCA concentrations below ppb range. The final 

detection of TCA resulted in a working range of 1 ppt to 1 ppm (Fig. 2. 9 (a)) which 

matches with the requirements of the human threshold for TCA.  

The Limit of Detection (LOD) accomplished was 4.2 ± 4.1x10-1 ppt, obtained from the 

linear regression of [100- % free MAb] or [% bound MAb] vs. ln [TCA ppt] for the ppt to 

ppb range in Fig. 2. 9 (b) and Table 2. 6.  
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Fig. 2. 9: (a) Indirect competitive ELISA for TCA (4 % EtOH) detection. The figure illustrates the 
percentage of free MAb vs. TCA concentration in the competition step (1 ppt to 106 ppt). Percentage 
of free MAb was calculated according to Eq.2. 3 (b) linear regression results for LOD calculations. 

 

 

(a) (b) 
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Indirect competitive ELISA was also carried out for the detection of TCP using the 

optimized indirect competitive ELISA.  The achieved limit of detection was 4 ppm (data 

not shown). Therefore, no cross-reaction is expected up to these concentrations of TCP. 

Table 2. 6 : Linear regression parameters and blank standard deviation 

 

Linear Regression (LR)  for  [(% bound MAb) = y 0+ slope ln [TCA ppt] ) 

y 0 Slope 

% Error Blank 

(n= 35) 

Coefficient Std error t (95%) Coefficient Std error t (95%) 

y blank= y 0 + 3* S0 

 

 

9.61 1.25 (Sb) 8.54 2.64 0.13 19.5 

y blank : 13.4 

hence ;  

e (x blank): 4.17 ppt 

9.8 % 

 

Direct competitive ELISA was investigated by HRP labelling the haptens (heterologous 

and homologous) and immobilizing the antibody. In order to study random and orientated 

immobilization of the antibody onto the microtiter plate, the immobilization was carried 

out directly in carbonate buffer or through anti-IgG specific to the Fc portion of the 

antibody. Nevertheless, no recognition was observed in this format for none of the 

immobilization procedures or labelled haptens. This results agreed with reported work 

[10]. 

 

2.3.7 Spiked water samples 

Spiked water samples were prepared to simulate the detection of TCA in industrial 

boiling water as explained in the introduction. The spiked samples were prepared 

adjusting the pH and conductivity according to the developed immunoassay (pH 7.4 and 

13.5 mS. cm-1). Indirect competitive ELISA results (Fig. 2. 10) demonstrated what can be 

understood as a better performance of the immunoassay in the absence of EtOH, but at 
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the same time the some error increase can be notice. It seems that the water solubility 

factor plays decisive role in TCA dilutions, despite the fact that higher solubility of TCA 

in water have been reported (10 ppm [16] and 5.4 ppm [2]). Lower TCA concentrations 

and hence less solubility problems, together with absence of EtOH, could result in an 

immunoassay with higher sensitivity and lower limit of detection.  
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Fig. 2. 10: Indirect competitive ELISA in water samples spiked with TCA (absence of EtOH). The 
figure illustrates the % free MAb vs. TCA concentration in the competition step (105 ppt to 1 ppt).  
Percentage of free MAb was calculated according to Eq.2. 3. The results are compared with the curve 
obtained with TCA samples prepared in PBS with 4% EtOH. 
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2.3.8 Matrix Effects 

Spiked white wine samples were prepared to investigate the matrix effect.  Wine 

conductivity (3.2 µS. cm-1) and pH (pH 3.3) were adjusted to values according to the 

developed immunoassay (pH 7.4 and 13.5 mS. cm-1). The EtOH content (12 % v/v) was 

also adjusted to requirements of the immunoassay, resulting in a 1 in 3 dilution of wine in 

PBS. Indirect competitive ELISA results (Fig. 2. 11) showed that the detection of TCA in 

white wine with the developed immunoassay might be possible; to confirm such 

suitability a broader sample of wines should be tested since wine matrix can vary from 

region to region [30]. The effect of the matrix could be strongest for smaller TCA 

concentrations. The suitability of the matrix after the dilution agrees with reported 

suggestions [14] and reported results [16].  
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Fig. 2. 11: Indirect competitive ELISA in diluted wine samples spiked with TCA (4 % EtOH). The 
figure illustrates the % free MAb vs. TCA concentration in the competition step (106 ppt to 1 ppt). 
Percentage of free MAb was calculated according to Eq.2. 3. The results are compared with the curve 
obtained with TCA samples prepared in PBS with 4% EtOH. 
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2.3.9 Post-aging testing 

Once the OICE with limit of detection similar to human threshold was achieved 

investigation to shorten the experimental time was carried out. Plates subjected to 

accelerated aging test were evaluated according to their performance in TCA detection. 

Indirect competitive ELISA (Procedure 5 at the corresponding stage) was carried out on 

plates affected by different treatments (T1 and T2) during the corresponding accelerated 

aging times (AAT). The results were compared with results coming from ELISA plates 

not affected by accelerated aging studies (No AA). 

 

Fig. 2. 12 shows how every treatment affects differently the assay response (4 to 6 

replicates). When only the coating (T1, Fig. 2. 12 (a)) was exposed to the AA test the 

detection of TCA becomes poorer and random compared to the recently prepared assay 

(No AA). On the other hand, when both coating and blocking (T2, Fig. 2. 12 (b)) 

undergone AA test, the detection curve (although with less reliability) is still sensitive to 

different TCA concentrations even after three weeks of AA test. In the fourth week, the 

assays lost sensitivity for both treatments Fig. 2. 12 (c). Showing mostly random results. 

According to the post-aging test, Treatment 2 (previously coated and blocked plates) 

demonstrated reliable results for the first three weeks of accelerated aging conditions.  

According to the ASTM, the AA test demonstrated the stability of microtiter plates pre-

coated and pre-blocked during 10 to 15 weeks when stored at 25 ºC.  

These results indicate the possibility for an 80-minute assay for the detection of TCA 

using microtiter plates ready for the MAb-TCA incubation step (Fig. 2. 4). 

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 2                                          Indirect competitive ELISA for 2,4,6-Trichloroanisole (TCA) detection 

71 

 

 

TCA (ppt)

10-1 100 101 102 103 104 105 106 107

%
 fr

ee
 m

A
b

40

60

80

100

120

140

No AA  T1, 1W T1, 2W  T1, 3W 

TCA (ppt)

10-1 100 101 102 103 104 105 106 107

%
 fr

ee
 m

A
b

40

50

60

70

80

90

100

 No AA T2, 1W  T2, 2W T2, 3W 

 
 
 

TCA (ppt)

10-1 100 101 102 103 104 105 106 107

%
 fr

ee
 A

b

20

40

60

80

100

120

140

160

180

200

T2, 4W T1, 4W  No AA   
 
 

 

Fig. 2. 12: Post-aging testing. Indirect competitive ELISA on (a) Treatment 1 (coating subjected to 
AA test) during 1, 2 and 3 weeks, (b) Treatment 2 (coating and blocking subjected to AA test) during 
1, 2 and 3 weeks and (c) Treatment 1 and Treatment 2 after 4 weeks of AA test. 

 

(a) 

(c) 

(a) (a) (b) (a) 
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2.4 Discussion 

2.4.1 Immunogenic hapten selection 

The selection of immunizing and coating haptens included a group of molecules obtained 

from the modification of the geometry and electronic distribution of the target analyte. 

The molecule with less heterology to the analyte, hapten A (Fig. 2. 1), kept TCA 

electronic distribution although with a more negative total charge (less positive charge in 

–meta position where the spacer arm was introduced) [18]. Haptens 1, B and 3 have 

higher heterology degree since the anisole group was blocked by the spacer arm. In 

hapten 3 also two chlorine atoms were removed or replaced by less electronegative group 

( -CH3). Hapten Z presents the highest degree of heterology since it maintains the anisole 

group but does not contain chlorine groups. In contrast, hapten Z´s spacer arm in –para 

position (alkyloxy group) could be an advantage for the immunorecognition since it 

leaves the anisole group free of steric hindrance. 

Because of its high similarity with the analyte and based on a literature survey, HA was 

chosen as the immunogenic hapten (KHL-HA).  Previous work [17, 18] also reported that 

HA could be the indicated for immunization dedicated to obtain antibodies against TCA, 

although further experiments orientated their work also to antibodies raised against 

haptens different from HA, which lacked the methoxy group [16]. 

In this work, Hapten A was selected as immunogen since it preserves all the functional 

groups of the analyte, despite the changes in electronic distribution (less positive charge 

in –meta position). The TCA detection through indirect competitive ELISA obtained 
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here, demonstrates the good performance of the antibodies produced with the chosen 

immunogen.  

 

2.4.2 Coating hapten selection towards indirect competitive ELISA  

Since the sensitivity of  the competitive immunoassay is limited by the antibody affinity 

for the antigen in solution relative to the immobilized conjugate (coating hapten) [31], the 

coating hapten with lower estimated affinity constant (BSA-HZ) was selected for the 

development of the indirect competitive ELISA.  

Galve et al. [27] demonstrated that, among a group of haptens with different heterology 

to trichlorophenol, the best indirect competitive immunoassay was accomplished by using 

the highest heterology in the coating hapten. The relative dissociation constant ratio to the 

homologous of the coating hapten was 246.4. Such ratio is far higher than the one 

available in this work (Kaff BSA-HA (homologous)/Kaff BSA-HZ = 9; Kaff TCA (analyte)/Kaff BSA-HZ = 

0.8 ). It should be noted that regardless of the apparent insufficient affinity constants 

ratio, the developed ICE efficiently detects TCA. It is expected that the limit of detection 

could be improved using haptens with higher relative dissociation ratios. It is therefore 

possible, that a more suitable immunizing hapten could produce higher affinity MAbs. 

However, such attempts were not undertaken in this work. 

 

2.4.3 Affinity Constant (Kaff) estimation 

In the rational design of competitive immunoassay, the estimation of affinities of 

antibodies with antigens in solution and coating haptens is the key point for the selection 

of the competing antibody-analyte and antibody-coating hapten reactions. 
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Estimation of some affinity constants reported here were calculated by linearization of 

the data. Affinity constants are generally determined at equilibrium using Scatchard and 

Klotz plots [32]. Cases of non-linearity of Scatchard plots could suggest the antibody is a 

heterogeneous mixture with respect to its affinity, unless it is an monoclonal antibody 

[33]. Reported work compares linearized with non-linearized results finding out non-

statistical differences between both methods under the evaluated experimental conditions 

[20]. Nevertheless some authors [34, 35] consider linearized plots as obsolete and suggest 

non-linear regression of data as more appropriate mainly when dealing with noisy data or 

when single binding can not be considered. Additionally, some researchers have 

reservations about solid-phase affinity methods to calculate affinity constants [23]. 

In this work the design of a competitive assay was done using estimated information of 

the competing immunoreactans by competitive and non-competitive ELISA. 

 

2.4.3.1 Estimation of MAb- immobilized coating hapten affinity 

Estimation of the MAb-coating hapten affinity constant was carried out by non-

competitive ELISA. Non-competitive ELISA has been utilized to estimate [22-24, 36-

39], have a qualitative approximation [40] or, independently of theoretical assumptions  

and corrections, have a relative value of the affinity of antibody-coating hapten [41].  

The use of serial dilutions of antibody incubated in different coating hapten 

concentrations, results in a sigmoidal curve of absorbance vs. logarithm of total antibody 

added to the microtiters plates. Accordingly, the coating hapten – MAb affinity constants 

were estimated with a method for solid-phase affinity measurements that directly 

estimates the affinity constant from solid-phase binding of the antibody [22-24]. The 
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method uses serial dilutions of coating hapten and antibody for measuring the affinity 

constant using the Law of Mass Action and considers: 1) there are two identical antibody 

binding sites that have no cooperativity, 2) when absorbance approaches to a maximum 

value (Abs100%, upper plateau), the concentration of free Ag approaches zero and the total 

concentration of Ag (coated antigen) equals to the immunocomplex [AbAg], 3) at any 

point of the sigmoidal curve, the absorbance vs. logarithm of concentration is assumed to 

be a direct reflection of the amount of antibody bound to the antigen in the well 

([AbAg]+[AbAg 2]), that is, at 50 % of the maximal absorbance (Abs 50%), the amount of 

antibody bound to antigen is half the amount of antibody bound at the Abs 100%. Eq.2. 4 is 

an estimate of the affinity constant of the antigen-antibody interaction that is based on the 

previously detailed considerations: 

 

( ) [ ] [ ]( ))(
%50

)(
%5021 ab

aff AbAbnnK −−=  ; 

 

with      ( )[ ] ( )[ ]ba AgAgn=  

where [ ])(
%50

aAb  and [ ])(
%50

bAb  are the total MAb concentration at Abs 50% of two 

sigmoidal curves for the respective investigated coating hapten concentration ( )[ ]aAg  and 

( )[ ]bAg .  

 

2.4.3.2 Estimation of MAb- compounds-in- solution affinity 

Estimation of affinity constants of MAb with TCA, TCP and HA in solution were carried 

out by indirect competitive ELISA. Friguet et al. [42], Stevens et al. [43] and Seligman et 

Eq.2. 4 

Eq.2. 5 
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al. [25] reported the use of indirect competitive ELISA that requires neither 

immobilization nor labelling of either investigated antigen and antibody. Through the 

mentioned reported work and more accurate linearization of the resultant equations[44], a 

simplified method was modified to adapt to real experimental situations of double 

binding sites, and relevance of coating antigen.  

For the estimation of the affinity constants, the coating hapten concentration was kept 

low in order to diminish the influence of the solid-phase antigen in the calculated 

dissociation constant (KD). The constant MAb concentration was such that the Ag 

concentrations were at least 10 times higher than the MAb concentration. According to 

literature [25], KD can be calculated as follows: 

 

( ) 0
0

1
Ab

f

K

f

Ag D +
−

=  

 

 

[ ]
[ ]0Ab

AbAg
f =  

 

From Eq.2. 6, KD (and hence KAff  from the reciprocal of KD) can be estimated from the 

slope of the line produced by plotting Ag0/f vs. 1/(1-f). 

 

2.4.3.3 Equilibrium and kinetic constants 

Since considering the simplest case for homogeneous ligands (antibody, Ab) which bind 

to a homogeneous population of receptors (antigen, Ag) that contain one binding site per 

antigen, it can be written [28, 34, 42, 44, 45]:  

 Eq.2. 7 

Eq.2. 6 
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where Ag0 and Ab0 are total initial concentrations of the antigen and the antibody 

respectively; [AbAg] is the concentration of the antibody-antigen complex, Kaff is the Ab 

–Ag affinity constant, kon and koff are association and dissociation rate constants 

respectively. 

Since Kaff, Ag0 and Ab0 are known (experimentally estimated or measured), Eq.2. 9 can 

be solved by the resolution of a quadratic equation. The results from the theoretical 

approximation are shown in Fig. 2. 13 : 
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Fig. 2. 13: Theoretical percentage of free MAb (Theoretical % free MAb) for different Kaff (105 M -1, 
107 M -1 , 109 M -1) and different Ag0 (1ppt to 1 ppm or 5.0x10-12 M to 5.0x10-6 M ) and a fixed Ab0 
concentration (2.0x10-8 M) 

Utilized Kaff 

Eq.2. 8 

Eq.2. 9 
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According to this approximation under the experimental conditions utilized in this work 

(Kaff in the order of 105 M-1), the percentage of free antibody would be insignificant at 

equilibrium conditions, unless TCA (Ag) concentrations of 105 or 106 ppt were used (Fig. 

2. 13).  

It must therefore be coincidence of the following circumstances that allow detection 

limits of the order of magnitude observed. First, the concentration of MAb used (2 x 10-8 

M-1) during pre-incubation is very close to the end of the plateau observed in the 

checkerboard of optimization with the given coating hapten. Secondly, the slope of the 

checkerboard is very pronounced for this hapten. Thirdly the koff is very small in absolute 

terms and therefore the associated [AbAg] complex is slow to dissociate. The two first 

conditions are met as shown in Fig. 2. 7. In order to obtain approximate values of kon and 

koff the analysis of Zhuang et al. [28] was used. Approximate values of koff 6.30 x 10-4 s-1 

and kon  114 M-1 s-1 were obtained. Compared to typical values in the literature koff ( 10-4 

s-1-  10-2 s-1) and kon ( 103 M-1 s-1-  108 M-1s-1) [28, 46-49],  it can be observed that an 

extremely low koff and an unusually slow kon assisted by the very short competition time 

conspired to achieve the low detection limits observed. The competition time was 

carefully optimized and Table 2. 5 shows the importance of this parameter. Higher 

concentrations of MAb during pre-incubations showed no sensitivity to TCA while lower 

concentrations did not produce enough signal for quantification (results not shown). 

 

2.4.4 Accelerated Aging (AA) Study  

The accelerated aging test was carried out to evaluate the stability and storage range of 

coated and blocked plates. The stable, pre-coated and blocked plates could be used in 
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order to obtain much shorter assay times since only the pre-incubation, incubation and 

reading steps would have to be carried out in less than 80 minutes. The obtained results 

demonstrated that indeed pre-coated and blocked plates are stable for at least 15 weeks at 

25 ºC. Although the regulation followed for these studies (ASTM International [21]) 

refers to sterile medical device packages, it is based on Arrhenius-type activation rate. 

 In choosing 45º C for the AA test the following considerations were taken into account: 

i) temperatures below 60 ºC are recommended to avoid non-linear changes [21], ii)  

thermal denaturation of main components of the coating and blocking buffer are: BSA 

reversible partial unfolding occurs at 42 ºC to 50 ºC and thermal denaturation above 60 

ºC [50];  iii)  Hapten Z melting point is 100 to 200 ºC (according to the supplier); iv) 

irreversible unfolding of milk proteins occurs at 70 ºC [51] and v) Non-Arrhenius 

behavior (non-linearity of ln K vs 1/T) was only observed for unfolding/re-folding of 

proteins [52] and in polymeric systems [53].  

In the AA study, the data obtained indicate that the previous coating and blocking of the 

plates could be stable for at least 15 weeks if kept at 25 ºC. Some authors [54]  evaluate 

the use of preservative solutions to test the stability of pre-coated ELISA plates 

demonstrating that the use of such preservative solutions (e.g. trehalose, 4 ºC, plates 

coated with highly unstable proteins like thrombin), improve the stability of the pre-

coated plates. In this sense, the use of preservative solutions can also be explored to 

increase the lifetime of the pre-coated and pre-blocked plates but was beyond the scope 

of this demonstration. Regarding the better performance of Treatment 2 (coated and 

blocked plates affected by AA test) compared to Treatment 1 (only coating of the plates 

affected by AA test), it can be proposed that there is a stabilization effect by means of 
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milk components (calcium, iron, magnesium, manganese, among others). Milk powder 

may contain stabilizing/preservative agents itself, which favour hydrophobic interactions 

that contribute to thermodynamic stability  of the protein or simply do not affect 

negatively the non-covalent interactions (hydrogen bonds, hydrophobic forces and 

interaction between charged groups) that cumulatively contribute to stability of the native 

state [55].  

Finally, the AA test demonstrated the feasibility of the production of microtiter plates 

ready to carry out an immunoassay for TCA detection in no more than 80 minutes. There 

is still the possibility of further reducing the total assay time by elimination of the second 

labelled antibody using labelled anti-TCA (labeled MAb). Preliminary studies for the ICE 

using labelled MAb were not successful. Further exploration of different labelling 

techniques and the use of a MAb with higher affinity would help to efficiently label the 

antibody and lead to a total assay time of less than 50 minutes including color 

development. 

 

2.4.5 Achievements of the developed ICE  

Developed Indirect Competitive ELISA have led to limits of detection in the ppt range; 

that is: a) 44 ppt [18], b) 10 ppt or 20 ppt [17] and c) 4.2 ppt in this thesis. Looking at the 

BRE utilized in such procedures, monoclonal antibodies were used in the cases (b) and 

(c). The monoclonal antibodies were raised against different haptens (Fig. 2. 14): HB and 

HC (procedure (b)) or HA (procedure (c)).  Monoclonal antibodies are especially useful 

since they offer the possibility of standardized BRE. Unfortunately no information, for 

comparative purposes, of the Kaff utilized in case (b) above has been found. 
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The three mentioned works apply ICE for TCA detection, utilizing HC9 (a), HB or HC 

(b) and HZ (c) as coating haptens (Fig. 2. 14). Differences regarding the use of 

amplification of the signal by means of biotin-streptavidinHRP (b) or the use of pre-

incubation prior to the competition step (c) were introduced in search of the optimal 

immunoassay. 

Contributions of the ICE developed here and differences with the other reported works 

are the used immunizing hapten, the specially developed monoclonal antibody, a different 

coating hapten structure and the use of pre-incubation step of the competitors. Also the 

procedure developed here offers the advantage of a short experimental time; less than 80 

minutes against more than 2 hours of other methodologies. The procedure showed 

stability-to-storage of the first steps of the ICE preparation with the potential of an 

experimental time of 50 minutes. In this case primary labelled antibody should be used 

instead of the second labelled antibody. 

The use of immunosorbent solid phase extraction (IS SPE) opened the possibility of the 

detection of TCA in white wine with a limit of detection of 200 to 400 ppt for which 

procedure (a) is preceded by the IS SPE. The extraction technique requires a flux of 0.5 

ml min-1 which could add more than 1 hr to the total experimental time [15]. Such 

extraction was not needed in this thesis. 
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Fig. 2. 14: Chemical structures of TCA and derivated haptens investigated utilized in ICE 

 

2.5 Conclusions 

Characterization and selection of MAbs was carried out. In addition, the rational design 

of an indirect competitive ELISA for TCA detection was demonstrated. The basis of the 

immunoassays development lies on the study and selection of the possible combinations 

in the MAb-coating hapten and MAb-analyte competition system. 

The monoclonal antibody raised for the design of this immunoassay demonstrated to be 

able to detect TCA under the experimental conditions investigated here. 

Cl Cl

OMe

Cl

Cl

O

Cl

Cl

COOH

O

Cl

COOH

CH3

OMe

COOH

Cl Cl

OMe

COOH

Cl Cl

OMe

Cl

COOH

Cl

OMe

Cl
Cl

COOH

TCA

Hapten A Hapten B

Hapten C Hapten C9

Hapten 3 Hapten Z

Cl Cl

OMe

Cl

Cl

O

Cl

Cl

COOH

O

Cl

COOH

CH3

OMe

COOH

Cl Cl

OMe

COOH

Cl Cl

OMe

Cl

COOH

Cl

OMe

Cl
Cl

COOH

TCA

Hapten A Hapten B

Hapten C Hapten C9

Hapten 3 Hapten Z

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 2                                          Indirect competitive ELISA for 2,4,6-Trichloroanisole (TCA) detection 

83 

The indirect competitive ELISA immunoassay that resulted from this work, demonstrated 

to be capable of detecting TCA solutions in a working range of 1ppt to 1 ppm, with a 

limit of detection of 4.2 ppt.  

The assay can be carried out in a reasonably short experimental time (less than 80 

minutes) and without the need of amplification of the signal. 

Accelerated Aging studies demonstrated the stability to storage (15 weeks at 25 ºC) of 

previously coated and blocked plates. 

 The immunoassay also demonstrated its potential applicability in wine matrix and water 

samples.  
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CHAPTER 3 
Mathematical Modelling of the 
Displacement Immunosensor 

 

 
 

3.1 Introduction and aims 

 

The importance of the prediction of immunosensor response resides in the possibility of 

facing a rational design of the immunosensor avoiding repeated experiments saving 

enormous effort, time and money. Designing a mathematical model involves putting 

together assumptions and knowledge about the system with experimental data. If the 

assumptions are correct and the model is adequately constructed, the predictions should be 

observed in the experimental work. Verifying the predictions does not prove that the 

assumptions are true, only that they may not be inconsistent with observations. Any model 

is a simplification of the system under study.  
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Computational models in immunology first appeared for the description of antibody-

antigen interactions back in the seventies [1]. The affinity of an antibody has been broadly 

estimated by known early contributions of computational models to immunological 

methods such as Schatchard, Langmuir and Sips plots [2].  

 

Assumptions like equilibrium conditions, small amounts of epitope to assure monovalency 

and fixed volume of reaction resulted useful for the development of a simple mathematical 

model between antibody-epitope in not competing reactions, the equations were based on 

the law of mass action and solved by a quadratic equation [3]. These authors reported that 

the intention of complicating the model by considering two epitopes crossreacting with one 

antibody, two different antibodies with a common epitope or polyvalence of antibody gave 

place to a mathematically complex model which had not been solved at the date of the 

publication. Same assumptions of monovalency, equilibrium conditions and the use of law 

of mass action were considered to model antibody-protein reactions with interest in the 

study of how antibodies adversely neutralize interferons and other biologically active 

proteins used clinically to treat patients [4, 5]. 

 

Mathematical modelling has become of great interest for clinical orientated investigators 

and pharmaceutical industries in the design of optimal vaccination strategies, and to 

produce effective drugs [6]. Mathematical model of the generation of antibodies in 

response to hepatitis B vaccines made great contributions to understand the protective 

immune memory generated by vaccine doses [7]. Half lives of therapeutic monoclonal 

antibodies as a contribution of the study of antibodies´ permanence in patients was also 
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modelled [8]. In the other hand, the collection of real data coming from patients lead to the 

development of a mathematical model that helped to understand the effects of changing 

parameters in the antibody-targeted cancer tumor therapy targeting efficiency [9].  

 Mathematical models based on competitive binding have been reported for the study of 

two antibodies with multiple antigens and prediction of optimum mixed antibodies ratios, 

estimation of statistical parameters characterizing the competition assay and description of 

the interaction between polyvalent antigens to antibodies immobilized on liposomes  [10-

12]. 

 

A review of different works show some attempts to model a displacement sensor; a 

mathematical model was designed to describe the dose-response relationship of an optical 

displacement glucose sensor using fluorescence as signal generator [13]. The equations that 

describe the diffusion of glucose through a fiber membrane and the subsequent 

displacement reactions within the fiber lumen were solved numerically to predict the 

response time of the sensor. The authors support their mathematical modelling on local 

equilibrium assumption to describe the competing equilibrium reactions, finding that the 

competing binding constants did not affect the response time of the sensor. Deviations 

observed between the predictions of the model and the experimental data were attributed to 

the probably not application of the local equilibrium assumption.  

 

Mathematical modelling of displacement based on the analysis of the equilibrium receptor-

ligand reaction and mass balance equations have been reported [14-16]. Displacement was 

modeled assuming that the process of displacement of the sup-optimum antigen from the 
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immobilized receptor by the analyte may be approximated by a simple mechanism of two 

competitive binding reactions occurring in the solid phase. The authors solved the system 

of equations by a cubic algebraic equation and obtain the calibration curve of the sensor. 

The simulated immunosensor response was compared to hypothetical affinity system 

finding out that the mathematical model seemed to be sufficient to describe the behaviour 

of affinity sensors based on competitive displacement. The authors pointed out the 

concentration of the sub-optimum antigen initially loaded and the density of immobilized 

receptor on the solid phase as parameters that need to be considered in the design of affinity 

sensors. Regarding to the relative binding strength of both the analyte and the sub-optimum 

antigen toward the receptor, opposite opinions are found since the affinity constant ratios 

were considered as affecting [15] and not affecting the sensor response [13, 16].  

Theoretical prediction for the displacement kinetics under different flow conditions [17, 

18], and different Ab densities of solid phase immunoassays have been developed. The 

apparent dissociation rate constant was found to increase with an increase in the flow rate 

and decrease with an increase in the antibody density. In the absence of competitive 

unlabelled Ag (spontaneous dissociation) the dissociation rate constant increases as flow 

rate increases, suggesting a direct relation between dissociation and flow rate [19].  

 

Chemometrics of immunological reactions have also been modelled. The limit of detection 

and range of quantification of competitive ELISA have been predicted by solving through 

Runge-Kutta method [20] the differential equations describing the change in the 

concentrations of an antigen-antibody complex and an enzyme conjugated antigen-antibody 

complex. The assumptions of the model relied on homogeneous binding and the numerical 
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predictions were based on rate constants defined as appropriated by previously reported 

competitive ELISAs [21]. 

 

The validity of developed techniques has also been predicted. The validity of a fully 

automated immunosensor river analyzer (RIANA) working under competition format was 

tested by modelling the immunoreactions taking place. Since the sensor was designed as 

simultaneous multi-detection of seven sulphonamides, the authors found hard to adequately 

describe the cross-reactivity and the behaviour of a mixture of polyclonal antibodies [22]. 

Modelling of ligand-receptor kinetics and the effects of diffusion on a cell surface receptor 

have also been investigated by mathematical modelling of the involved equations [23]. 

Effects like rebinding and diffusion limitation were investigated. Rebinding occurs because 

a ligand that dissociates from one receptor has a high probability of reacting with another 

receptor on the same surface instead of escaping into solution, probably slowing the rate of 

dissociation. At high receptor densities the forward kinetics of a reaction is also affected 

because of competition. The rate of binding could no longer be proportional to the number 

of free receptors on the surface but saturates with increasing receptor number as receptors 

compete for ligand and the reaction between ligand and receptor becomes diffusion limited. 

The authors finally suggested the use of low receptor densities to avoid rebinding and slow 

rate of dissociation. 

 

 Modelling has illuminated the relationship between various assay parameters such as 

reagent concentration and assay performance for different assay designs and can aid in 

assay optimization by predicting a set of parameters (concentration of specific binding 
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sites, concentration of labelled antigen, duration of incubations steps, type of the assay: 

displacement or competitive) that may give an optimum sensitivity [21, 24, 25]. 

 

The aim of this chapter is to demonstrate how the insights obtained from the mathematical 

modelling of the response of an equilibrium displacement electrochemical immunosensor, 

based on the displacement by the analyte of labelled antigens that are bounded to 

immobilized antibodies on the top of an electrode, allow the rational design of a 

displacement electrochemical immunosensor (DEI). The importance of parameters like 

surface to volume ratio and affinity constants ratio among other parameters were simulated. 

The predicted DEI behaviour will be contrasted with experimental data later in Chapter 4. 

 

3.2 Materials and methods 

 

3.2.1 Mathematical Model for displacement immunosensor 

 

3.2.1.1 System description 

In biosensors working under displacement mechanism, the measurement of the analyte 

concentration is based on the displacement of sub-optimum molecules in a heterogeneous 

system. The sub-optimum molecules are initially bound to an immobilized ligand on some 

solid support. The addition of the analyte would generate the displacement of the sub-

optimum away from the ligand and to the bulk liquid phase. In order to be able to follow 

the sub-optimum molecule concentration, the displaced molecule is generally labelled 

depending on the system of detection used giving place to a labelled sub-optimum 
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molecule. In this way, the analyte concentration is determined indirectly measuring the 

concentration of the labelled sub-optimum in the bulk solution or at the solid phase, 

depending on the system of detection. 

 

Going more specifically to the Displacement Electrochemical Immunosensor (DEI) 

modeled in this thesis (Fig. 3. 1), the displacement system corresponds to the use of an 

antibody (Ab) as ligand immobilized on the surface of an electrode, the analyte (Ag) and 

the labelled sub-optimum antigen (Ag*). The concentration of the analyte will be followed 

by the decrease of the concentration of the labelled sub-optimum antigen on the electrode 

surface. 

 

The modeled immunosensor based on displacement electrochemical immunoassay consists 

in the antibody previously immobilized (Ab0) on the electrode surface and incubated with 

the labelled sub-optimum antigen (Ag*0) (Fig. 3. 1 a).  The model refers to the use of such 

sensor, which after the incubation with the analyte or target antigen (Ag0), shows a decrease 

of labelled sub-optimum antigen because of the displacement generated by the addition of 

the mentioned analyte. 

 

The model focuses on the equilibrium that is reached after the incubation with the analyte 

which is the displacement step. The process consists of antibody - antigen reactions, one for 

the labelled sub-optimum antigen (Ag*) and the other one for the unlabelled target antigen 

or analyte (Ag) as described in Eq.3. 1and Eq.3. 2 : 
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surface
K

solutionsurface AbAgAgAb ⇔+  

surface
K

solutionsurface AbAgAgAb **
*

⇔+  

These are heterogeneous equilibrium reactions, since the antibodies are immobilized onto 

the surface.  

           

Fig. 3. 1: Schematics of modeled DEI. a) Immunosensor preparation by addition of labelled sub-
optimum antigen on the immobilized antibody. b) Displacement of the labelled sub-optimun antigen by 
addition of the analyte. 
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Eq.3. 2 

 Eq.3. 1 
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3.2.1.2 Equations for equilibrium Mathematical Model (MM) 

 

The process of the equilibrium model is described by the molar balance for the 

concentration of the species which are in the solution or on the surface. The equations of 

the molar balance are: 

 

*0 AbAgAbAgAbAb ++=  

 
 

AbAgSAgVAgV ⋅+⋅=⋅ 0  

 
 
 

***0 AbAgSAgVAbAgS ⋅+⋅=⋅  

 

AgAb

AbAg
K

⋅
=  

 
 

*

*
*

AgAb

AbAg
K

⋅
=  

 

 

where Ab0 (nmol dm-2) is the total amount of immobilized antibody, Ab (nmol dm-2) is the 

amount of free antibody when the equilibrium is reached, AbAg and AbAg* (nmol dm-2) 

are the amount of analyte and labelled sub-optimum antigen respectively that are bound to 

the antibodies when the equilibrium is reached, V (dm3) is the volume where the incubation 

with the analyte is performed, S (dm2) is the surface of the electrode, Ag0 (nmol dm-3) is the 

initial concentration of the analyte in the solution, Ag (nmol dm-3) is the concentration in 

the solution of the analyte when the equilibrium is reached, AbAg*0 (nmol dm-2) is the 

Eq.3. 3 

Eq.3. 4 

Eq.3. 5 

Eq.3. 6 

Eq.3. 7 
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initial amount of labelled antigen that is bounded with the immobilized antibodies before 

the displacement, Ag* (nmol dm-3) is the concentration of the labelled antigen in the 

solution when the equilibrium is reached, K and K* (dm3 nmol -1) are the equilibrium 

constants of the antibody for the analyte and the labelled sub-optimum antigen respectively. 

Equations Eq.3. 3 to Eq.3. 5 are equations for the molar balance of the different species of 

the system, equations Eq.3. 6 and Eq.3. 7 are the equilibrium expressions for the antibody 

antigen reactions. In this way, the system of equations has five equations Eq.3. 3 to Eq.3. 7 

and five unknowns (Ab, Ag, Ag*, AbAg, AbAg*), the rest of the parameters (Ab0, AbAg*0 , 

Ag0 , V, S, K, K*) are known or could be obtained experimentally. 

 

The assumptions for this model are: 

• Antibodies are immobilized as a monolayer. 

• Local equilibrium assumption is introduced which assumes that the binding 

reactions take place instantaneously and equilibrium concentrations are reached. The local 

equilibrium assumption eliminates any reaction rate limitations in the response of the 

sensor. No cooperative and multivalent binding between antibody and antigens are 

considered [3, 13, 15, 16]       

• Sub-optimum and target antigens compete for the same binding sites on the receptor 

protein and, in each case, the binding mechanism is bimolecular [3]. 

• Rebinding of the labelled sub-optimum is neglected since low densities of ligand 

(Ab) are considered [23].  
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For the mathematical solution of the system, it is also assumed: 

• Initially all the antibodies have a labelled antigen bound (that is Ab0 = AbAg*0) 

• The antibodies-antigen binding is homogeneous and monovalent. 

 

3.2.2 Expression of the predicted DEI response 

The mathematical model (MM) simulates the changes of concentration of the species 

intervening in the immunosensor with the addition of different analyte concentrations, i.e. 

for the case of labelled immunocomplex the concentration of  [AbAg*] before ([AbAg*0]) 

and after the addition of an specific TCA concentration ([AbAg*Ag=TCA]). The 

concentration of the labelled immunocomplex at any time is an indication of the signal that 

would be experimentally observed, the decrease of the concentration of the labelled 

immunocomplex would indicate the loss of the generated signal by means of displacement 

phenomenon. 

The changes in the concentration of the labelled immunocomplex predicted by the MM, 

corresponding to the predicted response of the displacement immunosensor were expressed 

as percentage of loss of [AbAg*]: 

 

[ ] [ ] [ ]
[ ] 100*

*

**
*%

0

0











 −

= =

AbAg

AbAgAbAg
AbAgLoss

TCAAg
MM  

where [AbAg*0] and [AbAg*Ag=TCA] are the predicted immunocomplexes concentration 

before and after the addition of TCA respectively. 

 

 

 Eq.3. 8 
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3.2.3 Parameters and equation solving 

Conditions were chosen or experimentally obtained to model the behaviour of the sensor in 

response to the presence of the analyte (Ag). The starting concentration of the species and 

equilibrium constant corresponded to the following parameters:  

• Analyte (Ag) = TCA 

• Sub-optimun labelled antigen (Ag*)= H3HRP 

• Antibody (Ab)= monoclonal Ab (mAb) specific to TCA 

• Affinity constants estimated by ELISA: KTCA 1.82x105 M-1 (1.82x10-4 nM-1); KH3 

2.80x105 M-1  (1.82x10-4 nM-1)) 

• K TCA/K* H3: 0.65 

• Ab0: 0.2 nmoles dm-2 (quantified through eSPR) 

Equation solving of the Mathematical Model was accomplished using Matlab “The 

language of technical Computing” version 7.0, The MathWorks, Inc. 

 

3.3 Results  

3.3.1 Mathematical Model solution 

The five non-linear equations system was solved using experimentally determined values 

for the parameters that have to be fixed (Ab0, AbAg*0, K, K*, S, V) and applying the 

Newton-Raphson method programmed in MATLAB (Annex 3. I, Matlab Routine) 

 

3.3.2 Predictions of the DEI behaviour 

The objective of these calculations was to predict through the MM the predicted loss of 

labelled immunocomplex concentration Eq.3. 8 and hence the displacement phenomenon 
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caused by the addition of different concentration of analyte (TCA), these results would give 

an indication of what could be experimentally observed. 

 

3.3.2.1 Effects of S/V changes in the DEI response 

Since Ab0 is intrinsic of the immobilization procedure, AbAg*0 is equal to Ab0 according to 

the assumptions of the model and K and K* are also intrinsic of the available 

immunosystem, the first parameters used to simulated the displacement response due to 

Ag0 additions was V expressed as S/V ratio calculated according to a fixed chosen area. 

In this sense, by changes in S/V (dm-1) through changes in V (dm3), the following 

simulated results were obtained: 

  

Fig. 3. 2: Mathematical modelling of the DEI depending on the S/V ratio. Ab: 0.2 nMdm-2; K/K*: 0.65; 
K:1.82 x105 M -1 (10 -4 nM -1); K*:2.8x105 M -1  (10 -4 nM -1) 
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According to Fig. 3. 2, under the conditions that will experimentally be used as described in 

section 3.2.3, (addition of 0.1 to 10 ppm of TCA) the displacement phenomenon would 

provoke a loss of labelled immunocomplex between 8 % to more than 90 %. The simulated 

results seem to indicate that changes in the S/V ratio would not affect the displacement 

response with a K value in the order of 105 M-1 (10-4 nM-1). 

 

3.3.2.2 Effects of K* and S/V changes in the DEI response 

The objective of this study was to evaluate whether the mere immersion of the DEI in 

different buffer volumes would cause a decrease in the labelled immunocomplex 

concentration. Simulated data was obtained by changing the S/V ratio at different K* for 

analyte concentration equal to zero (Ag=0).  

 

According to the obtained results (Fig. 3. 3), the MM predicts almost total loss of labelled 

immunocomplex concentration for low K* values in most of the S/V ratio values. These 

results hint the presence of inconsistencies in the MM when Ag=0 and K* are low. Looking 

back at the displacement caused by addition of TCA (Fig. 3. 2) the signal was not totally 

lost even after simulating the addition of 8 ppm of TCA, also with a K* value in the order 

of 105 M-1 (10-4 nM-1). Opposite to the total loss of labelled immunocomplex observed for 

low K* values, in the case of high K* the MM predicts smaller losses of [AbAg*] as S/V 

decreases. This kind of inconsistency or limitation of the MM to cover all possible cases 

has already been found, and reported that similar models’ predictions were more realistic 

when high affinity constants were involved [26].  
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Fig. 3. 3: Effects of changes in S/V ratio in absence of added analyte (Ag=0). Ab: 0.2 nMdm-2; K/K*: 
Variable; K:1.82 x105 M -1 (10 -4 nM -1); K*:Variable  

 
Thinking ahead in the reproducible manipulation and experimental replication of these 

predictions, and cautiously bearing in mind the information obtained from (Fig. 3. 3), a S/V 

ratio value of 0.1 dm-1 was chosen as compromise between high S/V ratios (large loss of 

labelled immunocomplex predicted by the MM) and low S/V ratios (where the rebinding 

phenomena can damage the displacement).  

  

S/V (dm
-1

)

10-5 10-4 10-3 10-2 10-1 100 101

%
 L

os
s 

[A
bA

g*
] M

M

0

20

40

60

80

100

K*: 2.8x102 nM-1

K*: 2.8x101 nM-1

K*: 2.8x100 nM-1

K*: 2.8x10-1 nM-1

K*: 2.8x10-2 nM-1

K*: 2.8x10-3 nM-1

K*: 2.8x10-4 nM-1

K*: 2.8x10-6 nM-1

S/V: Variable  dm-1

V: Variable dm-3

Ab: 0.2 nM dm-2

Ag: 0

K/K*: Variable

K: 1.82 x105 M-1 (10 -4 nM-1)

K*: Variable

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 3                                                        Mathematical Modelling of the Displacement Immunosensor 
 

 101

 

3.3.2.3 Effects of higher and lower affinities (K and K*) in the MM predictions  

The objective of the simulations described in this section was to further explore the effect 

of  introducing different K and K*  in the mathematical model. 

 

In order to explore the MM prediction of the DEI behaviour for different ranges of K and 

K*, simulations of the percentage of loss of [AbAg*] were calculated according to changes 

in S/V ratio for given Ag concentrations and K/K* ratios. The simulations were divided in 

two groups: K and K* ranging from 103 M-1 to 108 M-1 (10-6 nM-1 to 10-1 nM-1; Fig. 3. 4) 

and ranging from 109 M-1 to 1014 M-1 (100 nM-1 to 105 nM-1; Fig. 3. 5). Both cases were 

evaluated for K/K* equal to:  0.00065, 0.065, 0.65 and 65. 

 

As described in Fig. 3. 4 (a) for Ag=0, total washing of the signal is predicted unless K* is 

in the range of 106 M-1 to 108 M-1 (10-3 nM-1 to 10-1 nM-1). This situation does not agree with 

what is simulated for Ag different to zero (Fig. 3. 4 (b) to (d)) where for [Ag] = 1 ppm, 50 

%  loss of [AbAg*] is predicted and 90 % to 100 % loss of [AbAg*] is simulated for 10 

ppm and 100 ppm respectively. The progress of the percentage of loss of [AbAg*] seems 

independent of S/V ratios or, depending if high affinity constants are investigated 

proportional to the same S/V ratio. 

 

When higher K and K* are investigated (Fig. 3. 5), the washing of the signal for Ag=0 (Fig. 

3. 5¡Error! No se encuentra el origen de la referencia. (a)) could be higher or lower 

depending of S/V ratio, even no washing is predicted for K* in the order of 1014 M-1 (105 

nM-1 ). The loss of [AbAg*] increases as Ag increases from zero to 1 ppm depending on the 
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K/K* ratio evaluated. Higher K/K* ratio, and hence lower K*, gives rise to a greater loss of 

[AbAg*].  
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Fig. 3. 4: Simulated displacement response according to S/V and K/K* ratios.  K: 1.82x10-4 nM -1; Ab: 
0.2 nMdm-2; K/K*: Variable; K*: Variable.

a) b) 

c) d) 
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Fig. 3. 5: Simulated displacement response according to S/V and K/K* ratios.  K: 1.82x102 nM -1; Ab: 
0.2 nMdm-2; K/K*: Variable; K*: Variable. 

 

The results showed the dependence of the MM predictions on the affinity constants. The 

effects of S/V ratios seem to be associated only with high affinity constants. 

 

a) 

c) d) 

b) 
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3.3.2.4 Predicted DEI response 

The predicted experimental results with S/V values equal to 0.1 dm-1, as a compromise 

between high S/V ratios (large loss of labelled immunocomplex predicted by the MM) and 

low S/V ratios (where the rebinding phenomena can damage the displacement) (e.g.: 

electrodes of 0.5 mm diameter in 200 µl volume) are shown in Fig. 3. 6. The simulated 

results seemed to indicate that the range of operation of the displacement immunosensor 

would be in the order of units of ppm. The observation of this kind of response from the 

DEI will further be evaluated in Chapter 4. 

 

 

Fig. 3. 6: Predicted loss of signal upon addition of different [TCA] for the case of  S/V ratio = 0.1 dm-1. 
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keeping K/K* equal to 0.65 (Fig. 3. 7 (a)) or changing the K/K* by changing K (Fig. 3. 7 

(b)). These changes were evaluated also using different concentrations of analyte.  

     

 

Fig. 3. 7: Predicted percentage of lost [AbAg*] depending in the affinity constants involved. a) Effect of 
the K and K* keeping a K/K* of 0.65. b) Effects of changes in the K. 
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According to Fig. 3. 7 (a) the same K/K* ratio could generate different immunosensor 

behaviour depending on the implicated K and K*, the used of K and K* in the order of 105 

M-1 (10-4 nM-1) would generate displacement phenomenon in the order of ppm of TCA, 

smaller K and K* would not generated displacement unless addition of TCA higher than 10 

ppm are investigated. Better results could be obtained by increasing the order of magnitude 

of the affinity constants. For example, K and K* values of 107 M-1 (10-2 nM-1) and 109 M-1 

(100 nM-1) seem to generate total displacement of the signal in the range of units of ppm. 

Investigating the effects of varying K/K* on the displacement response (Fig. 3. 7 (b)), it 

was observed that the difference between the two involved affinity constants is not as 

important as the affinity constant of the analyte (K), since for a fixed K value, the same 

displacement response would be observed independently of the difference with K*.  

 

3.3.2.6 Prediction of K needed to detect ppt of TCA  

 

The objective of these simulations was to find out which affinity constants would be needed 

to develop a DEI able to detect TCA in the ppt range. In this sense, simulations were 

carried out keeping K* constant (in the range of the experimental K*) and once K was 

selected, the impact of K/K* was evaluated by investigation of different K*.  

According to the simulated results (Fig. 3. 8 (a)), the use of use of K in the range of 109 M-1 

(100 nM-1) would allow the detection of TCA in units of ppt (human threshold). Regarding 

the K* values required keeping constant a K of 109 M-1 (100 nM-1), no significant 

differences were detected in the simulations obtained in the range of K/K* from 0.65 to 

6500 (Fig. 3. 8 (b)).  

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 3                                                        Mathematical Modelling of the Displacement Immunosensor 
 

 107

 

 

 

 

TCA (ppt)

0 10 20 30 40

%
 L

os
s 

[A
bA

g*
] 

M
M

0

5

10

15

20

25

30

K:1.82x100 nM-1; K/K*: 6500 

K:1.82x10-1 nM-1; K/K*: 650

K:1.82x10-2 nM-1; K/K*: 65 

K:1.82x10-3 nM-1; K/K*: 6.5

K:1.82x10-4 nM-1; K/K*: 0.65

K: 1.82x100 nM-1 (1.82x109 M-1)K*: 2.80x10-4 nM-1 (2.80x105 M-1)

TCA (ppt)

0 10 20 30 40

%
 L

os
s 

[A
bA

g*
] 

M
M

0

5

10

15

20

25

30

K*: 2.80x100 nM-1; K/K*: 0.65

K*: 2.80x10-1 nM-1; K/K*: 6.5

K*: 2.80x10-2 nM-1; K/K*: 65 

K*: 2.80x10-3 nM-1; K/K*: 650 

K*: 2.80x10-4 nM-1; K/K*: 6500 

 

Fig. 3. 8: Simulated investigation of K and K* needed for the detection of units of ppt of TCA. 

 

The MM predicts that an experimental value of K of 109 M-1 (100 nM-1) or higher may be 

required to achieve limits of detection of ppt, with a broad range of K/K* ratios. 

a) b) 
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3.4 Discussion 

 

3.4.1 Predicted DEI response  

The MM predictions for the DEI response evaluated with real affinity constants values 

showed a displacement of 8% to 90% for TCA concentrations in the range of units of ppm. 

In contrast to this when the simulation was carried out for Ag=0, in total absence of 

analyte, the MM predicts some dependence of loss of signal with S/V ratios for high K* or 

total washing of the signal for low K*. It has to be noticed that the predictions tried to 

simulate a system were spontaneous binding and unbinding processes between an antibody 

and its antigen that could take place driven by thermal motion [27]; the unbinding of the 

antigen could lead to irreversible dissociation of the labelled antigen, depending on the 

volume where the electrode is immersed for displacement experiments, giving rise to a loss 

of labelled antigen concentration not associated to the specific displacement caused by 

TCA addition; a process namely here “washing effect”. 

The MM predictions, considering they do not account for rebinding effects, can be 

interpreted as correct.  

Low K* constants along with not considering rebinding processes would mean a weak 

binding of the labelled antigen to the antibody, which can justify the observed washing 

effect. It also has to be kept in mind that previous works of similar mathematical models 

dealing with low affinity constants have reported a certain lack of realism in the correlation 

between predicted behaviours and experimental observations. 
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3.4.2 Predicted DEI range of detection 

With regard to the detection of TCA in the human threshold range, the MM predicts that K 

values of 109 M-1 (100 nM-1) or higher are needed. The MM also highlights the importances 

of the high K values over K/K* ratios. Although the MM predicts that the choice of K/K* 

would not affect the DEI response, it is noteworthy that K/K* ratio should be a compromise 

between avoiding long time DEI response [15] (higher K*) and controlling the an 

increasing washing effect associated with a decreasing K*.  

An example of the need to reach favourable compromise between high and low K*, is the 

displacement of chymosin from a synthetic receptor (K = 1.4 M-1) immobilised to agarose 

by pepsin which took 30 min, while displacement of pepsin from pepstatin-agarose (K = 

1.5 M-1) by pepsin took 90 h.  

The K/K* cannot be altered easily and must be examined before constructing the sensor. A 

compromise should be made between the sensitivity and the response time when choosing 

the protein/receptor pair in constructing an affinity sensor. 

 

3.4.3 Validity of the developed MM 

The validation of the MM treated here depends on its level of accuracy to mimic 

experimental results. 

The assumptions, or boundary conditions, of the model analyzed here have been considered 

valid in previous works that is, approximation of competition assay to a simplified system 

of two reactions competing [16] , the simulation of the system considering equilibrium 

conditions [3, 13, 15, 16], ligand homogeneity [15, 21, 22] and, bimolecular binding [3, 

23]. Before assessing the suitability of the MM for the experimental case treated later in 

Chapter 4, there are aspects that may damage the symbiosis of the MM with the real 
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situation. Antibody heterogeneity coming from random attachment during the covalent 

coupling of ligand immobilization would mean the non applicability of the homogeneous 

binding [28] or also masking of potential sites by bound ligand in case of crowded 

immobilization would indicate the non applicability of the chosen model and the need of a 

more complex approximation. 

Discrepancy of the MM predictions depending on the evaluated range of K and K* has 

been previously foreseen in reported work [26] where the authors estimated that the model 

best fit the experimental results for high affinity constants. 

 

3.5 Conclusions 

A mathematical model for a displacement immunosensor under equilibrium conditions has 

been developed. The model relays on the assumptions of local equilibrium, homogeneity 

and monovalency of the antibodies. The MM predicts that the available system with 

estimated affinity constants of KTCA: 1.82x105 M-1 and KH3 (K*): 2.80x105 M-1, K/K* ratio 

of 0.65 (K TCA/K* H3) and initial boundary conditions of 0.2 nmoles dm-2 Ab0 and S/V equal 

to 0.1 dm-1, will theoretically undergo displacement with additions of TCA in the order of 

hundreds of ppb to units of ppm. 

The MM predicts the presence of washing effect of the signal for K* 2.80x105 M-1. The 

predictions were more realistic in the case high K*.  

Regarding to increasing the sensitivity of the DEI, the selection of K is indicated as the 

main parameter, although a compromise for the K/K* ratio has to be stablished to combine 

rapid response time and avoidance of washing effects. 
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According to the MM predictions, in order to be able to detect TCA in the human threshold 

range, K affinity constant in the order of 109 M-1 (100 nM-1) and higher may be required, 

keeping in mind the K/K* compromised ratio mentioned before. 
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3.7 Annex. Example of Matlab routine 
 clear all; clc; close all; 
global Ab0 Ag0 V AbAgp0 S k kp 
 
Ab0=0.2;        %nmol/dm^2 
Ag0=50000;      %nmo/dm^3 
V=0.002;        %dm^3 
AbAgp0=0.2;     %nmol/dm^2 
S=1.96e-5;      %dm^2 
k=182;         %dm^3/nmol 
kp=280;      %dm^3/nmol 
 
n=5; 
u=[0 0 0 0 0]; 
e=1e-12; 
e1=1e-5; 
g=sistem(u); 
w=1; 
iter=0; 
while w==1 
    for i=1:n 
        u1=u; 
        u1(i)=u(i)+e1; 
        g1=sistem(u1); 
        for j=1:n             
            J1(j,i)=(g1(j)-g(j))/e1; 
        end 
    end 
    du=J1\(-g'); 
    u=u+du'; 
    g=sistem(u); 
    if max(abs(g))<e 
        w=0; 
    end 
    iter=iter+1; 
end 
u 
results=[u(3),1-u(3)/AbAgp0,V,S/V,k,k/kp,Ab0,Ag0,Ag0/5000,u(1:2),u(4:5)] 
 
f_path=cd; 
f_name='\results.txt'; 
f_id=fopen([f_path,f_name],'a'); 
for i=1:length(results) 
    fprintf(f_id,'%1.10f',results(i)); 
    fprintf(f_id,'%s',' ');    
end 
fprintf(f_id,'\n'); 
 

 
System for Matlab 
 
function g=sistem(u); 
global Ab0 Ag0 V AbAgp0 S k kp 
 
Ab=u(1); 
AbAg=u(2); 
AbAgp=u(3); 
Ag=u(4); 
Agp=u(5); 
 
g(1)=Ab + AbAg + AbAgp - Ab0; 
g(2)=AbAg*S + Ag*V - Ag0*V; 
g(3)=AbAgp*S + Agp*V - AbAgp0*S;  
g(4)=Ab*Ag*k - AbAg; 
g(5)=Ab*Agp*kp – A 
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CHAPTER 4 
Strategy for Displacement Electrochemical 

Immunosensors Development: 
the 2,4,6-trichloroanisole (TCA) case 

 
 

 

4.1 Introduction and aims 

4.1.1 Introduction   

Biosensors have been under continuous evolution over more than three decades. 

Throughout their existence and continuous adaptation to science and life requirements, 

biosensors have been criticized and equally praised [1]. Over all discussions, biosensors 

development is no doubt a powerful tool for diagnostics, and has no competition when 

speed, portability, selectivity and specificity are required [2]. Biosensors can have relative 

low cost of construction and storage, potential for miniaturization, ease of automation, 

portable equipment for fast analysis and monitoring in platforms of raw material reception 

or quality control laboratories [3]. 

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 4                     Strategy for Displacement Electrochemical Immunosensors Development: 
                                                                                                         the 2,4,6-trichloroanisole (TCA) case  
 

 115

The definition of biosensor [4], focused in a Bio-Recognition Element (BRE), points 

towards the fundamental need of using an effective BRE-target interaction. In the case of 

immunosensors such interaction is characterized through the antibody-antigen affinity 

constant, which strongly affects the performance of an immunoassay [5]. The challenge 

rises when the production of such antibody leads to a low antibody- antigen affinity 

constant, then only a rational design of the immunosensor would overcome the low affinity 

and make the immunosensor efficient. Non-specific adsorption phenomenon has to be 

specially watched, since it is one of the main factors that define the detection limits of 

electrochemical bioaffinity assays [6, 7].  

 

4.1.2 Non-Specific Adsorption (NSA) and strategies to control it 

The control of NSA phenomenon and the development of strategies to maximize the 

specific adsorption phenomenon are of great relevance in this work. As detailed in Chapter 

2, the utilized immunoreactants are characterized by low affinity constants hence rational 

design of the immunosensor is due. It should be also kept in mind that NSA has been 

reported as one of the main factors affecting the sensitivity of an immunoassay, specially in 

the case of low concentrations of analyte [8]. The lowest limit of detection of an 

immunoassay has been reported to be determined not only by the binding constant of the 

antibody but also by the NSA of the assay [7].  

 

4.1.2.1 Adsorption of proteins. The interface that is formed between two phases usually has 

a higher standard free energy than the bulk phase. In this sense, the interface is apt to be 
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thermodynamically stabilized by adsorbing any substances different from the solvent 

molecules [9].  

 

Protein adsorption is known to be the net result of various complex interactions between 

and within all components of the system including the solid surface, the protein, the solvent 

and any other solutes present. The whole process combines electrostatic attraction and 

repulsion, hydrophobic and hydrophilic interaction, hydrogen bonding or dipole attraction 

[10-12]. All these inter- and intramolecular forces would contribute to a decrease of the 

Gibbs energy during adsorption [13]. The orientation of proteins during the adsorption 

process could be either horizontally, vertically or as a mixture of both [9, 14]. 

 

The adsorption of proteins to solid–water interfaces is considered as a multistep process. 

The first steps would be determined by long-range interactions where surface properties 

such as hydrophobicity, distribution of charged groups, ion concentrations and pH play 

important roles. In next steps, structural rearrangements in the protein molecule and 

dehydration effects become more important making the adsorption process often 

irreversible [9, 11].  

 

 The adsorption process involves the transfer of a protein molecule from solution to the 

sorbent surface. Despite the diversity of experimental procedures and great effort of 

literature, general conclusions regarding to the interfacial behaviour of proteins are 

considered difficult to make [12] and nature of chemical bonds is still considered as poorly 

understood at the molecular level [15]. 
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Regarding the effects that determine the amount of adsorbed protein, the literature [12, 13] 

lists:  

 

i) effects of electric charge: repulsion and attraction forces that take place depending on 

surface and protein charges which, at the same time depend on pH. The pH of the 

solution have been reported to affect the protein adsorption depending on the pI of the 

protein and the net charge of the surface [10].  

 

ii)  effects of hydrophobicity: hydrophobic interaction has been reported to play an 

important role in protein adsorption, hydrophobic surfaces are assumed as “stickier” 

than hydrophilic ones  [9, 16]. As example, IgG demonstrated to adsorb on hydrophobic 

surfaces three times more than on hydrophilic surfaces [16]. 

 

 iii)  effects of surface energetic: related to the search of stabilizing effects by the system 

[12, 16].  

 

iv) influence of temperature: different adsorption results have been reported depending 

on the temperature and the entropy of the system [12].  

 

v) time: the amount of adsorbed protein would increase with time until reaching a 

plateau. The increase of both time and protein concentration seem to contribute to larger 

amount of adsorbed molecule. Time and protein concentration would also define the 

orientation of the adsorbed molecule as horizontal, vertical or a mixed of both [10]. 
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The adsorption phenomenon results as the combination of different factors, in this sense, it 

has been reported that although hydrophobicity determines much of the amount of adsorbed 

protein, as well as the protein layer thickness and the refractive index layer, other effects 

like electrostatics could also contribute to the adsorption phenomenon [16, 17]. 

 

4.1.2.2 Adsorption of proteins on metals. Proteins have been reported to specifically 

adsorb to metallic surfaces. An example of such specificity have been evaluated on gold, 

titanium and indium-tinoxid (ITO) surfaces through the exploration of two different 

proteins containing greater number of cysteine groups or greater number of lysine groups 

[11]. The authors found that the protein with higher cysteine groups adsorbed preferably to 

gold since sulfur groups would form S bridges on gold.  

 

Regarding to the widely utilized as enzyme-labelling, horseradish peroxidase (HRP), 

reported work on the enzyme aminoacids revealed as predominant components 16 % of 

aspartic acid and 13 % of leucine. The presence of cysteine was found to be 3 % and of 

lysine 1.6 % [18]. According to this information, HRP would content low percentage of 

residues that would form S bridges with gold but, on the other hand, it has an important 

component of aspartic acid/aspartate. The acid character of the H+ of aspartic acid would 

give negative density surroundings depending on the pH utilized solutions, which is also a 

factor contributing to the increase of NSA. 
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4.1.2.3 Effects of protein adsorption on electron transfer: Adsorption of proteins can play 

a negative role in electron transfer. Reported work investigating the adsorption of human 

serum albumin (HSA) and immunoglobulin G (IgG) on gold electrode, demonstrated the 

adsorption of the molecules on the gold electrode surface and their blocking effect on the 

electron transfer. Total blocking of the electron transfer was detected for protein 

concentrations in the order of µM of HSA and IgG on gold electrodes with incubation times 

of 10 minutes [10]. 

 

4.1.2.4 Construction of protein resistant surfaces. In order to control the adsorption 

phenomenon, protein resistant surfaces have been constructed and reported. Self-assembled 

monolayers (SAMs) with oligo(ethylene glycol)n (OEG) with n=3 to 6 have been 

mentioned as the most protein resistant surfaces available since they “hydrophilize” 

hydrophobic surfaces. OEG adequacy as protein adsorption barrier is generally attributed to 

hydrophilicity, flexibility, chain mobility and high steric exclusion volume in water [17, 19-

24]. Nevertheless OEGn tends to get oxidized [16, 25] and for this reason, the bibliography 

have investigated alternatives to OEGn by studying protein adsorption resistance of gold 

surfaces modified with SAMs containing different functional groups. The reported 

functional groups shared by SAMs that satisfactory resisted protein adsorption were [22, 

25]: 

 i) polar groups,  

ii)  accepting H groups, 

 iii) groups without net charge, 

 iv) groups without H donor groups, 
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 being the last one proposed as key structural element in protein-resistant surfaces. The 

formation of bound water at the interface has been proposed also as main factor to avoid 

NSA [21].  

Surfactants and proteins have been reported as blocking agents of NSA [19, 21, 25, 26]. 

 

4.4.2.5 Self-assembled monolayer (SAM)s formation. Organothiols (RSH) spontaneously 

arranges themselves on gold surfaces as self-assembled monolayer with the surfur atoms 

bound to the gold. Although it has been reported that the thiolate (RS-) form dominates the 

initially formed Au-S bond, how RSH goes to RS- is not sufficiently know and may 

involve other reactions [27, 28], including radical reactions [29]. Two important parameters 

in SAM formation are incubation time and alkanethiol solution concentration. Thin and less 

organized layers have been detected for short exposures. Longer adsorption times with 

more concentrated solutions give more dense molecular packing and vertical orientation of 

the molecules on the surface. SAMs layer thickness have been reported in a range from 2 Å 

to 12 Å [30, 31]. 

 

SAMs have been prepared on a variety of electrode materials such as silicon, silver, copper, 

gold and platinum. Assemblies based on thiols on gold are the most extensively studied 

SAMs [30, 32-34] because of the high stability of Au in different environments and the 

easy preparation of clean gold surfaces [35]. On the other hand, alkanethiols assembled on 

copper and silver are more difficult to work with because of the sensitivity and stability of 

these systems to air exposure and long exposure to the solution containing the thiol [36].  
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The modification of metal electrodes surface with SAMs requires special attention since 

long alkyl chains of highly packed SAM layer would block the approach of 

electrochemically active species to the electrode surface, even suppressing their reactions at 

the electrode [37]. However, if the alkylchains of the SAM are relatively short, electron 

tunnelling across the SAM, penetration of electroactive species through defects in the 

SAM, or both, allow electrochemical reactions to occur at the electrode. As example, total 

blocking of the electrochemical signal have been reported for 10 mM of 4-aminothiophenol 

on Pt electrodes during 24 hrs incubation [32].  

 

The coexistence of thiol SAMs and Cu plays an important role in the development of this 

work; hence thiol SAM formation on Cu merits an overview: 

 

4.1.2.6 SAM on Cu. Even though some difficulties could be found during their preparation, 

SAMs on Cu have been widely proposed as barrier for water and ions that cause Cu 

corrosion [31, 38]. Cu has three oxidation states that can exist in different proportions 

depending on the corrosion conditions. Metallic Cu0 is oxidized to Cu+1 and Cu+2 upon 

exposure to air forming oxidized species like Cu2O, CuO and Cu(OH)2. In terms of 

substrate preparation, it is demanding to remove as much of the native oxide from Cu 

surface as possible to have a successful SAM formation. Irreproducibility in SAM quality 

on Cu surfaces has been attributed to the presence of a chemically complex Cu0/Cu+1/Cu+2 

oxides giving rise to heterogeneous surface morphology and reactivity [36, 39]. 

The formation of SAMs on Cu have been reported on single-crystal and polycrystalline Cu, 

nevertheless single-crystal surfaces are recommended because of their uniform composition 
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and atomic structure that are more appropriated to obtain reproducible results [40, 41]. Best 

results of SAMs formation on Cu were obtained using toluene as solvent [33]. 

 

Investigation of the Cu-SAM, Ag-SAM and Au-SAM bond stability have been reported 

through the electrochemical analysis of the peak potential (EP) for the electrodesorption of 

an n-alkanethiolate [33]. The electrochemical desorption of SAM from Cu surface was 

reported as shifted 0.6 V in the negative direction with respect to the corresponding EP 

value of Au and Ag. Hence SAMs on Cu were proposed to be more stable than those 

formed on Au surfaces, indicating high stability of SAMs on Cu surfaces. This observation 

was investigated considering electronic configuration of the metals as nd10 (n+1) s1 where 

n=3 for Cu, 4 for Ag and 5 for Au (Cu 3d10 4 s1, Ag 4d10 5s1 and Au 5d10 6s1 valence shells) 

[42-44] and utilizing combined Auger Electron Spectroscopy (AES) with quantum density 

functional theory (DFT). The authors found that:  

The barrier for electrochemical desorption of an alkanethiolate molecule from the metal 

surface (Eed, Eq.4. 1) would involve the energy needed to introduce an electron in the 

alkanethiolate-metal system (Ee-), the energy needed for the desorption of the thiol (Edes) 

and substrate-solvent (EMe-solv) energies.  

 

solvMedeseed EEEE −− ++=  

 
 

It was reported that the adsorption energies, which at the same time are opposite to the 

desorption energy (Eads=-Edes), decreases with the investigated metal as follows: Au >Cu 

>Ag. On the other hand, the energy needed to introduce an electron in the S-Me binding 

Eq.4. 1 
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decreases as Au>Ag>Cu. Hence the energy required for the electrochemical desorption 

(Eq.4. 1) of Cu would be higher compared to Au; this observation is in agreement with 

other reported data where the stronger chemisorption interaction on the Cu surface was 

explained in terms of the atomic properties of Cu and Au, i.e., the differences in a radial 

distribution of the valence (n+1) s atomic orbitals. Radial distribution of the Cu 4s orbital is 

smaller than that of the Au 6s orbital; the size of the Cu 4s orbital would be more 

compatible with that of the S valence orbitals. Thus, the Cu 4s orbital can overlap with the 

S orbitals more effectively than the Au 6s orbital  [35].  

 

4.1.2.7 SAM on Cu UPD: Underpotential deposition (UPD) has been explored with the 

purpose of obtaining controlled composition at molecular level of mixed SAMs. UPD is an 

electrochemical process where a single metal adlayer is electroplated onto metal. The 

process is driven by the formation of substrate- adatom interactions that are stronger than 

the adatom-adatom interactions that form during bulk electrodeposition making the 

preparation of adlayers easy and with coverages no greater than a monolayer [45].  

 

The combination of SAM formation and metal UPD has been reported for the optimization 

of gold substrates. The procedure consisted in the application of a non-complete Pb UPD 

monolayer that was followed by the first SAM formation with an alkanethiol that would 

occupy the Pb-free gold sites, next the Pb stripping would create vacant sites in the 

alkanethiol adlayer available to immobilize a second functionalized thiol, giving rise to the 

formation of a mixed SAM with a defined composition ratio [46].  
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Another strategy of metal UPD and SAMs consists in the metal deposition after the SAMs 

formation; the feasibility of such strategy on gold surface has been previously demonstrated 

[37, 47]. The reported work found that depending on the deposited metal, the SAM 

monolayer would not be damaged and would even undergo stabilizing effects. In the cited 

literature, SAMs on gold electrode were formed and next the investigated metal was 

deposited to be further stripped and finally proceed with the reductive desorption of thiols 

in order to evaluate SAM integrity. Except for the case of Bi, other metals like Cu, Ag, Tl, 

Pb and Cr demonstrated to be adequate to be underpotentially deposited and stripped 

without damaging the SAM.  The UPD of metal was reported to be successful for 

alkylchain length of the thiol shorter than 8 carbons (C8). 

 

UPD reactions on the SAM-coated electrode require that the metal ions penetrate through 

the SAM to make direct bonding between metals atoms of the electrode substrate and metal 

atoms deposited. Negative shifting of the cathodic deposition and positive anodic shifting 

of the stripping of metals have been proposed as indication of the blocking effect of SAMs 

hydrophobic environment [47].  

 

The study of the metal UPD on SAM stability demonstrated also translocation of the metal 

directly bound to the SAM (e.g.; SAM/Ag(UPD)/Au )[37, 48]) and also stabilization of the 

SAM in the case of Cu [45, 47] that would agree with reported work on Cu-SAM and Au-

SAM desorption energies previously cited here (section 5.1.2.6). Cu UPD was reported as 

reversible on gold electrode coated with SAM of short alkanethiol without any significant 
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loss of thiol molecules [47]. In this sense, UPD of metals would provide means to design 

the metal surfaces covered with SAM with molecular or atomic level control. 

Attempts to directly form SAMs on Cu UPD monolayer have been unsuccessful because of 

the Cu UPD monolayer tendency to get oxidized by air and to be corroded by thiol solution 

[36, 47]. 

 

4.1.3 Displacement phenomenon 

Immunosensors operating on a displacement methodology could result in reagentless, 

labelless and fast responding devices. Displacement immunoassays are based on the use of 

a labelled sub-optimum antigen (Ag*) that binds to the antibody (Ab) and forms an 

immunocomplex (AbAg*) that produces an easily discernible signal (Fig. 4. 1). These 

labelled sub-optimum antigens are displaced during the detection step by the displacing 

antigen that is normally the analyte of interest (Ag). If the signal of the label is produced in 

the absence of other substrates (S), then displacement is the key point to reagentless and 

labelless immunosensors. It is obvious that the antibody-antigen affinity constant plays a 

limiting role in the success of this methodology. 

 

Examples of displacement strategies in the literature involve immobilization of the sub-

optimum antigen on supporting elements (column, hollow fiber, biochips) to further detect 

the displacement by optical, piezoelectric and colorimetrical methods [49-52]. In particular, 

electrochemical detection of the displacement phenomenon has been accomplished using 

indirect detection [53, 54], direct detection in flow [55] or batch systems [56].  
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Fig. 4. 1: Schematics of Displacement Phenomenon 

 

Electrochemical biosensors have advantages when compared with other transducers. They 

can be operated in turbid media and they do not depend on detectable heat changes, in 

contrast with optical or thermal biosensors. Electrochemical biosensors combine the 

specificity of biological recognition layers with the inherent advantages (sensitivity, speed, 

miniaturization, linearity) of electrochemical transduction [57]. They are easy to handle and 

low cost [58]. Electrochemical biosensors work with potentiometric, capacitive and 

amperometric transducers, but due to their fast detection, broad linear range and low 

detection limit, amperometric transducers are preferred [59]. 
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4.1.4 TCA detection 

As explained in Chapter 1, the literature related to TCA detection in wine could be divided 

as follows: 65 % detection with gas chromatography, 15 % utilizing immunoassays and 4 

% with the application of electrochemical bioanalytical devices. The use of 

chromatography and immunoassays (ELISA) techniques allowed satisfactory detection 

limits matching the human threshold [60-63]. Nevertheless some aspects of these 

techniques like the need of sample preconcentration [64] or the use of still not fully 

automated routine analysis (ELISA) [65], could turn into disadvantages. Here is where 

advantages of biosensors gain importance; it has been reported the electrochemical 

immunosensing of TCA using polyclonal antibodies achieving limits of detection in the ppt 

range under direct competitive assay [66]. 

 

In this work, the concepts of electrochemical displacement immunosensing are applied to 

the detection of 2,4,6-trichloroanisole (TCA) using an specially raised against TCA 

monoclonal antibody (mAb) as BRE and horseradish peroxidase labelled 3-chloro-2-

methylphenoxyacetic acid (H3 in Fig. 4. 2) as chosen sub-optimum antigen (Ag*, H3HRP). 

 

Consequently, the aim of this chapter is to illustrate electrochemical displacement 

principles through the detection of 2,4,6-trichloroanisole (TCA), demonstrating also: i) the 

feasibility for the construction of immusensors with low antibody-target affinity constant; 

ii)  the reduction of non-specific adsorption (NSA) via Underpotential Deposition of Cu (Cu 
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UPD) [37, 47, 67], iii) the use of electrochemical displacement towards labelless and 

reagentless detection.  

 

4.2 Materials 

4.2.1 Chemicals  

The analyte 2,4,6-trichloroanisole (TCA, 99%) was purchased from Sigma-Aldrich 

Chemical Co. (Spain). The sub-optimum antigen 3-chloro-2-methylphenoxyacetic acid 

(Hapten 3, H3) was synthesized as described in the literature [68].  

As detailed in Chapter 2, anti-TCA monoclonal antibody clones were obtained from 

Antibodyshop (Denmark) and selected according to cross-reactivity. The selected clone 

(mAb) was purified and kept at 4 ºC. The antibody to TCA affinity constant estimated by 

ICE was 1.82x105 ± 5.85x104 M-1. 

2,4,6-trichlorophenol (TCP 98%), 3-(4-methoxyphenyl) propionic acid (Hapten Z, HZ), 

horseradish peroxidase (HRP), hydrogen peroxide (H2O2), potassium hexacyanoferrate (II) 

trihydrate, potassium hexacyanoferrate (III), strontium nitrate, 3-mercaptopropionic acid 

(MPA), thioctic acid (TA), 11-mercaptoundecanoic acid (MUA), copper (II) sulfate 

pentahydrate, 1-ethyl-3-[3-(dimethylamino)propyl carbodiimide hydrochloride (EDC), 

N,N-dicyclo-hexylcarbodimide (DDC), N-hydroxi-succinimide (NHS) and ethanolamine 

were obtained from Sigma-Aldrich Chemical Co. (Spain), as well as solvents and salts for 

buffer preparations (PBS pH 6.5, acetate-acetic buffer pH 8.5, citrate Buffer pH 4.8). 

Hydrogen peroxide, TCA and enzyme solutions were prepared daily. Deionised water 

purified in a Milli-Q system (Millipore, Bedford, MA, USA) was used to prepare solutions. 

All reagents were of analytical grade, unless stated otherwise.  
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4.2.2 Instrumentation and Apparatus  

All electrochemical measurements were performed in a standard three-electrode cell with a 

platinum mesh counter electrode and Ag/AgCl reference electrode (Bioanalytical System, 

IN, USA). The working electrodes consisted in sputtered gold electrodes (SGE) of 3 mm of 

diameter (Institut für Mikrotechnik, Mainz) or epoxy resin sealed disk gold electrodes of 

0.5 mm of diameter (DGE). The cleaning procedure of working electrodes consisted in 

UV/ozone treatment (SGE) or polishing with alumina slurries (1 µm), sonication, cyclic 

voltammetry in 2 M H2SO4 and final UV/ozone treatment (DGE). 

Electrochemical measurements were carried out with a PGSTAT10 potentiostat interfaced 

with the AUTOLAB Electrochemical Workstation software (Ecochemie, Utrecht, The 

Netherlands). 

Impedance measurements were carried out in a CHI 660 A electrochemical workstation 

(CHInstruments, USA). 

Sonication was conducted in a Branson bath type sonicator, model 2510 (Branson, Soest, 

Netherlands). UV/ozone cleaning was carried out using a temperature controlled UV 

surface decontamination system PSD-UVT Ultra-Violet/Ozone probe and surface 

decontamination with temperature controlled heated stage (Novascan, USA). Pumping of 

solutions was carried out using a Peristaltic Pump P-1 (Amersham Biosciences, USA). 

Absorbance measurements for activity assays were collected using Hewlett Packard UV-

Vis Spectrophotometer 8453/G1103A with Deuterium discharge lamp and diode array 

detector, interfaced with a PC. Measurements of pH were obtained with a CyberScan 2000 

pH meter (Eutech Instruments, Netherlands).  
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The characterization of bioconjugates was carried out using matrix assisted laser desorption 

ionization-time-of-flight mass spectrometry (MALDI TOF) on a stainless steel plate with a 

Voyager DE-STR High Performance from MALDI-TOF Mass Spectrometer.  

 

4.2.3 Conjugation of HRP to Hapten 3 (H3HRP) 

The conjugates were prepared by the N-hydroxysuccinimide (NHS) and N,N-dicyclo-

Hexylcarbodimide (DDC) conjugation protocol [69]. Formation of such esters may be 

achieved by the reaction of a carboxylate with NHS in the presence of a carbodiimide. 

Hapten 3 was conjugated to HRP using this protocol. The conjugates were characterized 

through MALDI-TOF analysis. Activity of the enzyme was analyzed according to SIGMA 

Enzymatic Assay of horseradish peroxidase [70]. 

 

4.2.4 Immunoelectrodes 

4.2.4.1 Analyte and sub-optimum antigen 

According to the Mathematical Model (MM) described in this thesis, the decisive factor in 

the performance of a Displacement Electrochemical Immunosensor (DEI) is the antibody to 

analyte affinity constant (K). Less significance has the K/K* ratio, where K* is the 

antibody to displaced sub-optimum antigen affinity constant. It could be considered that, in 

a range of available sub-optimum antigens, the selection of the sub-optimum antigen should 

be done in the sense of avoiding total loss of signal due to displacement of the sub-

optimum only caused by the buffer solution (low K*) and on the other hand, avoiding long 

time response and even null displacement (high K*).  
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Among the available K/K* ratios depending on the K* estimated by ELISA (see Chapter 2, 

section 2.3.3); that is K/K* ratio equal to 0.089 (HA); 0.12 (H1), 0.24 (HB), 0.65 (H3) and 

0.78 (HZ), H3 and HZ were chosen for the DEI development. The selection considered the 

low available K values, hence the use of too high K* values in the range of selection were 

avoided.  

                    

Fig. 4. 2: Schematic of the analyte (TCA) and first selection of sub-optimum antigens (H3 and HZ). 

 

Following experiments of electrochemical detection of prepared immunoelectrodes (see 

section 5.2.4.2 for immunoelectrodes preparation description) with HZHRP demonstrated 

non-reproducible and almost not detectable current (data not shown). In this sense, H3HRP 

was finally selected for the DEI development.  

 

4.2.4.2 Preparation of Immunoelectrodes 

The following procedure (Fig. 4. 3) describes an optimized immobilization methodology 

for the preparation of immunoelectrodes.  

After the final UV/ozone treatment the electrodes were immersed in ethanol for 10 minutes 

in order to remove the resulting gold oxide monolayer [71-74]. Electrodes were immersed 

in the thiol solution immediately after.  
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i) Thiol based self-assembled monolayer (SAM): Different thiols (thioctic acid (TA); 3-

mercaptopropionic acid (MPA) and 11-mercaptoundecanoic acid (MUA)) were 

investigated depending on chain length and gold-sulfur (Au-S) anchoring possibilities. 

Thiol SAMs were investigated through reductive thiol stripping in 0.5 M KOH [37, 75]. 

Due to its better performance, overnight incubation in 100 mM of 3-mercaptopropionic 

acid in ethanol was selected for SAM formation after that, the electrodes were rinsed with 

ethanol and dried with N2. 

 

ii) Cu deposition:  A Cu monolayer was deposited via Underpotential Deposition (Cu UPD) 

by reductive linear sweep voltammetry (0.2 to -0.1 V vs. Ag/AgCl at 5 mV s-1) in an 

electrochemical cell containing 5 mM CuSO4  in 0.5 M H2SO4.  

 

iii) MPA Esterification: After Cu UPD, the electrodes were immersed during 30 minutes in 

400 mM 1-ethyl-3-[3-(dimethylamino)propyl carbodiimide (EDC) and 200 mM N-hydroxi-

succinimide (NHS) solution prepared in purified milliQ water [29].  

 

iv) Antibody (mAb) Immobilization: After the ester formation, the electrodes were immersed 

in solution of 10 µg mL-1 mAb pH 4.8 Citrate Buffer solutions for 60 minutes. Covalent 

attachment have been reported to increase the stability of the immobilized protein layer and 

decrease the extent of denaturation upon immobilization [76] . 
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v) Free ester groups blocking: The electrodes were immersed in a solution of 1 M 

ethanolamine pH 8.5 during 20 minutes. 

 

vi) mAb–H3HRP immunobinding. Fully assembled immunoelectrode: The Au-S-Cu-mAb 

modified electrodes were immersed in a solution of H3HRP for 30 minutes to complete the 

immunoelectrode assembling (Au-S-Cu-mAb-H3HRP) 

 

Fig. 4. 3: Schematic of the fully assembled immunoelectrode 

 
Immunoelectrodes preparation steps were also monitored by Electrochemical Impedance 

Spectroscopy measurements. 
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4.2.5 Electrochemical measurements 

Electrochemical experiments were carried out on-line or in batch conditions. In both cases, 

displacement was carried out in a volume adequate to keep an S/V ratio of 0.1 dm-1 

following the MM studies (see Chapter 3, section 3.3.2.2). 

 

On-line experiments were carried out in a three electrode cell using SGE electrodes as 

working electrode, containing 5 mM K4Fe(CN)6 in 0.5 M Sr(NO3)2 as mediator solution 

(M). Investigated solutions (substrate (S), analyte and buffer) were added through one of 

the inlets of the cell and mixed by bubbling N2 through an additional inlet. The solutions 

were renewed by pumping freshly prepared M solution always maintaining a constant 

surface of electrode to volume (S/V) ratio. The applied potential was 0.15 V vs. Ag/AgCl. 

The substrate concentration was kept 0.5 mM H2O2. 

Batch experiments were carried out in a three electrode cell using DGE electrodes as 

working electrode, containing 5 mM K4Fe(CN)6 in 0.5 M Sr(NO3)2 as mediator solution 

(M). The applied potential was 0.1 V vs. Ag/AgCl under static conditions (not stirred). An 

ON/OFF procedure was used to record the sensor response upon addition of substrate. The 

substrate addition was carried out under stirring to ensure homogenization, while the 

readings were done under static conditions. Displacement step was carried out using the 

chosen S/V ratio apart from electrochemical measurements. The substrate concentration 

was kept 0.5 mM H2O2. 

Electrochemical impedance measurements were performed in the presence of equimolar 

concentrations, 1 mM  of [Fe(CN)6]
3-and [Fe(CN)6]

4- as redox probe in 100 mM Sr(NO3)2 

at the formal redox potential, using a sinusoidal ac potential perturbation of 5 mV, in the 
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frequency range 105 Hz to 1 Hz. The impedance spectra were plotted in the form of Nyquist 

plots (Zre vs Zim). 

 

4.2.6 Displacement studies procedures 

The expected goal of displacement experiments is to observe a net loss of signal in 

electrodes incubated with the analyte of interest as evidence that the displacement 

phenomenon had have place (Fig. 4. 4). 

 

 

Fig. 4. 4: Displacement of labelled sub-optimum antigen (H3HRP) upon analyte addition. a) Schematic 
of the displacement phenomenon. b) Schematic of the generation and loss of cathodic current 
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4.2.6.1 Displacement Electrochemical Immunosensor (DEI) for TCA detection. On-line 

experiments 

The optimized procedure followed in on-line experiments of the DEI is described in Fig. 4. 

5 (a). The procedure can be divided into five main steps: 

 

1) Mediator baseline: generation of a baseline by the introduction of the immunoelectrode 

(Au-S-Cu-mAb-H3HRP) in the three electrode cell containing mediator (M) solution. 

 

2) Initial cathodic current: Generation of an initial cathodic current by means of addition of 

the substrate (S) that reacts with the enzyme (H3HRP) on the immunoelectrode. 

 

3) TCA addition: beginning of the displacement phenomenon with the addition of the 

analyte (TCA, Ag). 

 

4) Regeneration: regeneration of the mediator solution (M). 

 

5) Final cathodic current: New addition of substrate (S) to detect the remaining cathodic 

current and calculation of the displaced current. 

 

Investigated control immunoelectrodes (Fig. 4. 5 (b)) evaluated the loss of current 

generated from non-specifically adsorbed (NSA) labelled sub-optimum and the loss of 

signal due to buffer effects that is: (i) NSA on fully assembled electrode mimicking mAb 

protein with other IgG (NSA IgG); (ii)  NSA in absence of mAb (NSA no mAb); (iii)  NSA 
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on Cu modified surface (NSA Au-Cu); (iv) NSA on fully assembled electrode without Cu 

UPD (NSA no Cu) and (v) loss of current due to buffer effects (washing effect). 

Control (iv) that represents immunoelectrodes without Cu UPD were prepared only for 

punctual comparative studies with Cu UPD modified electrodes and hence they were not 

applicable for the estimation of net current displacement (% NDC) 

 

Fig. 4. 5: Schematics of the procedure followed for on-line experiments of Electrochemical 
Displacement (a). b) Control electrodes architectures. All the steps were carried without moving any 
component of the electrochemical cell. 
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All the steps were carried only changing solutions through injection or pumping. No 

electrochemical cell component was removed or replaced during the DEI measurement. 

Recording the current progress during these steps, the percentage of displaced current was 

calculated as follows: 

%100%100*%
)(

)(

)(

)()(
x

i

i

i

ii
DC

i

d

i

fi
TCA =

−
=  

 

where i (i) and i (f) are the immunoelectrode current before and after the displacement step 

(Fig. 4. 5) and  i (d) is the displaced lost current. 

Considering - if observed - the displacement of controls electrodes, the Net Displaced 

Current due to TCA displacing effect (% NDC TCA) was calculated according to: 

 

electrodesControlTCATCA DCDCNDC %%% −=  

 

where % DC Control electrodes represents the lost of current observed for any of the control 

electrodes ( (i) to (iii) and (v), Fig. 4. 5). Since opposite to control (v), controls (i) to (iii)  

did not demonstrate significant loss of the initial current because of the addition of TCA, 

the percentage of lost current due to non-specific effects or washing effects was mainly 

represented by the loss of current only in the presence of buffer (% DC Buffer, Ag=0), hence 

Eq.4. 3 can be writing as: 

 

0,%,%% == −= AgBufferAgiAgTCATCA DCDCNDC  

 

Eq.4. 2 

Eq.4. 3 

Eq.4. 4 
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where % DC TCA, Ag=Agi and % DC Buffer, Ag=0 represent the loss of current due to the addition 

of  any concentration of TCA (Ag= Agi) or due to the addition of a Buffer solution (Ag= 0) 

representing the lost of current caused by other phenomenon different from TCA 

displacement, namely here “washing effect”. 

 

Consequently, the relevance of the buffer loss of signal effects (Ag= 0) was considered and 

TCA displacement experiments (Ag ≠ 0) were complemented with equivalent buffer 

control experiments, calculating the Net Displaced Current (% NDC TCA).   

It is important to clarify here that the volumes added at displacement step always 

corresponded to less than 0.001 % of the total cell volume, avoiding in this way effects of 

dilution. 

 

4.2.6.2 Displacement Electrochemical Immunosensor (DEI) for TCA detection. Batch 

experiments 

The optimized procedure followed in batch experiments of the DEI is described in Fig. 4. 6. 

The followed optimized procedure was divided in three experimental stages: 

 

1 - Determination of the cathodic current generated by the immunoelectrode (Au-S-Cu-

mAb-H3HRP) upon addition of substrate, prior to the interaction with TCA solution (i (i) ) .  

2 - Incubation in TCA or PBS solutions (S/V=0.1 dm-1) during 10 minutes.. 

 

3 - Determination of the current upon substrate addition after the interaction with TCA 

solution (i(f) ) and estimation of the displacement of the signal. 
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Data obtained in batch displacement experiments were processed in terms of percentage of 

Net Displaced Current (%NDC TCA) according to Eq.4. 4. The investigated control 

electrodes followed what is described in section 4.2.6.1. 

  

 

 

Fig. 4. 6: Schematics of procedure followed for Batch experiments of Electrochemical Displacement (a). 
b) Control electrodes architectures. 
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4.3 Results 

4.3.1 Optimization of the electrode modification procedure 

4.3.1.1 Thiol selection for self-assembled monolayer (SAM) formation 

Thiols with different chain length and anchoring possibilities were investigated that is, 

thioctic acid (TA), 3-mercaptopropionic acid (MPA) and 11-mercaptoundecanoic acid 

(MUA) in Fig. 4. 7. 

  

Fig. 4. 7: Structures of thiols investigated for SAMs formation on gold surface 

 
Time of incubation and concentration of thiol solutions are considered the two main factors 

in SAM formation [77, 78]. In this sense, different incubation times and thiol 

concentrations were investigated. The SAM formation was quantified after rinsing and 

shaking for 2 minutes in ethanol in order to consider covalent attachment only. The 

characterization of the SAMs on gold electrode was carried out according to the reductive 

desorption of the monolayer and for the more widely proposed expression [27]: 
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Eq.4. 5 
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Thiols can be desorbed by reduction of the RS-Au bond at negative potentials [26, 75, 78]. 

SAM modified electrodes were submerged in 0.5M KOH. The reduction peak of thiolated 

monolayer obtained from cyclic voltammetry [26] (50 mV s-1 from -0.4 V to -1.1 V vs. 

SCE) was used to calculate the surface coverage according to: 

 

nFA

Q
cmmolCoverageSurfaceThiol =− )( 2  

 

where Q is the total charge (C), n the number of electron transferred, F is the Faraday´s 

constant (96485.4 C mol-1) and A is the electrode area (cm-2).  

Gold electrode active area was calculated using cyclic voltammetry technique (0.5 M 

H2SO4
 , 20 mV s-1 from -0.2 V to 1.8 V vs. SCE) utilizing the gold oxide reduction peak 

area [79]. 

In SAM formation results (Fig. 4. 8) it is possible to observe that overnight incubations of 

the gold surface in thiol solution reached higher surface coverage. Regarding to the 

concentration of the solution, 10 mM of MPA or TA always generated the smallest 

coverage for the same incubation time. The use of 100 mM of thiol did not reach 

significantly different coverage compared to 1000 mM solutions. Considering the standard 

deviations in Fig. 4. 8, overnight incubation seemed to indicate a more homogeneous 

behaviour among electrodes. No significant differences were observed in the use of TA and 

MPA, that agrees with other authors [26, 75]. Reported work demonstrated that the increase 

of surface coverage, whose surface coverage magnitude agrees with the one reported here 

Eq.4. 6 
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and other literature (10-10-10-9 mol cm-2) [37, 47, 80], started to level off at 10 hours of 

incubation and in a concentration of 250 mM of all investigated solutions [26].  

Together with surface coverage and stability of the SAM, the formed monolayer should 

demonstrate no insulation of the electrode surface, since the final detection of the 

immunoelectrode will be through electrochemical measurement. In this sense, MUA was 

discarded for the SAM formation since it was observed that in some cases it insulates the 

electrode surface and consequently hindered the reading of the electrochemical processes 

taking place on the immunoelectrode. This last observation agrees with other reported work 

with the difference that the response of their final immobilized surface was carried out 

using impedance [81]. The blocking of electron transfer due to adsorbed and immobilized 

protein has been broadly reported [10, 82-84]  
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Fig. 4. 8: Effect of time and thiol solution concentration on SAM formation 
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Once MUA was discarded, MPA was selected for SAM formation since even though its 

performance was similar to TA, the double anchoring of the molecule could generate some 

steric effects hindering the covalent immobilization of proteins on TA gold modified 

electrodes [76]. Also parallel study of underpotential deposition of Cu deviated the work to 

MPA since shorter alkyl chains contribute to better Cu depositions [37, 47]. 

 

4.3.1.2 Preliminary study of NSA control by Cu 

Thinking ahead in the application of Cu as NSA barrier on gold electrodes, the physical 

adsorption of HRP and HRP-labelled molecules on gold and copper sheets was 

investigated. Accordingly, clean metal sheets of the same geometric area (18 mm2) were 

incubated during 3 hours in HRP solutions containing the same enzymatic activity and 

protein concentration.  

 

The evaluation of adsorbed HRP molecules was carried out through UV-Vis 

spectrophotometry using TMB (3,3´,5,5´-tetramethylbenzidine liquid Substrate). Higher 

adsorption of HRP on gold compared to copper sheets was observed (Fig. 4. 9 (c)). No 

significant differences in the adsorption of HRP compared to H3HRP were detected (Fig. 4. 

9 (a)).  On the other hand, the contribution of proteins conjugated to HRP (IgG HRP) to the 

increase of the amount of adsorbed protein was observed (Fig. 4. 9 (b)). All the results were 

compared to non-incubated clean sheets (Fig. 4. 9 (d)).  
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Fig. 4. 9: HRP and HRP molecules physical adsorption on Cu and Au sheets. 

 

Complementary to this, the physical adsorption of horseradish peroxidase (HRP) solutions 

on bare and Cu underpotentially deposited gold electrodes was investigated. The electrodes 

were incubated during 3 hours in HRP solutions. Fig. 4. 10 demonstrates the higher HRP 

physical adsorption of the enzyme in absence of Cu UPD. 
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Fig. 4. 10: Signal observed in gold and Cu UPD modified gold electrodes after incubation with HRP 0.5 
mM H 2O2. in 5 mM K4Fe(CN)6 in 0.5 M Sr(NO3)2 . 0.1 V vs. Ag/AgCl Applied Potential.  

 

4.3.1.3 Effects of Cu UPD on modified electrode 

The effects of Cu as surface modifier were tested sequentially in the electrode modification 

procedure. The aim of these experiments consisted in the evaluation of the efficiency of Cu 

UPD as non-specific adsorption (NSA) barrier, demonstrating the capability of Cu UPD 

modified electrodes to generate a cathodic current in presence of H3HRP significantly 

different to the one observed for control electrodes since an efficient NSA barrier would 

give more relevance to the Specific Adsorption phenomenon (SA). 

 

Different steps of the electrode modification were tested using chronoamperometry. The 

current densities obtained by replicates (n=5) for every group of electrodes are plotted in 

Fig. 4. 11. 
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Modified Electrodes without Cu deposition  

 

The electrochemical response observed in Au–H3HRP electrodes demonstrated once again 

the evidence of Non-Specific Adsorption of H3HRP on Bare Gold Electrodes. On the other 

hand, the higher response observed for Au-S-mAb-H3HRP, demonstrated the contribution 

of the Specific Adsorption (SA) to the electrochemical response. The Au-S-mAb-H3HRP 

response resulted in average 22% higher compared to Au–H3HRP (Fig. 4. 11 (a)). 

 

Modified Electrodes with Cu deposition 

 

The electrochemical response observed in Au-S-Cu–H3HRP electrodes, showed that there 

is still evidence of Non-Specific Adsorption of H3HRP. However, the improvement of the 

SA signal when Cu is underpotentially deposited is demonstrated, since not only the Au-S-

Cu-mAb-H3HRP electrodes response resulted higher when compared to Au-Cu–H3HRP, 

also the electrochemical response resulted in average 58% higher when compared to Au-

Cu–H3HRP response (Fig. 4. 11 b).  
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Fig. 4. 11: Current density observed for modified electrodes. a) Electrodes without Cu UPD; b) 
Electrodes with Cu UPD. Additions of 0.1 mM H2O2  up to 1.0 mM H2O2. 2 ml 5 mM K4Fe(CN)6 in 0.5 
M  Sr(NO3)2 . 0.1 V Applied Potential. Measurement under static conditions. Current densities were 
calculated utilizing active electrode area determined according 5.3.1.1 
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Looking at the higher net current density observed for Au-S-Cu-mAb-H3HRP the effect 

of controlled NSA of molecules seems obvious, since comparing Au-s-mAb-H3HRP (no 

Cu UPD) with Au-s-Cu-mAb-H3HRP (Cu UPD) responses, it can be noticed that the 

electrochemical signal for the case of Cu deposited electrodes is higher. This could suggest 

that due to the blocking effect of the Cu, the decrease in NSA has a corresponding increase 

in the SA. 

 

The demonstrated capability of Cu UPD to act as NSA barrier orientated the 

immunoelectrodes preparation to the use of such metal as blocking agent. Cu UPD was 

carried out by linear sweep voltammetry (5 mV s-1, 0.2 to -0.1 V vs. Ag/AgCl) in an 

electrochemical cell containing 5 mM CuSO4  in 0.5 M H2SO4. 

 

4.3.1.4 Effect of Cu UPD on displacement experiments 

The objective of these experiments was to study the effects of Cu UPD modified 

immunoelectrodes in the displacement step. An efficient performance as NSA controller 

should allow the detection of significant net loss of signal due to the addition of TCA.  

Displacement batch experiments were carried out on immunoelectrodes with (Au-S-Cu-

mAb-H3HRP) and without Cu deposition (Au-S-mAb-H3HRP). As a starting concentration 

selected from the MM results, 2 ppm TCA was used in the displacement step. 

The obtained results depicted in Fig. 4. 12, demonstrates the positive contribution of Cu 

UPD for the detection of displacement phenomenon since a net loss of signal of 29% was 

observed for Au-S-Cu-mAb-H3HRP electrodes. This indicates that at least a 29% of the 
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loss of signal is not merely attributed to the washing effect by buffers but to the effective 

displacement of H3HRP by TCA. 

                                  

Fig. 4. 12: Au-s-mAb-H3HRP immunoelectrodes and Au-s-Cu-mAb-H3HRP immunoelectrodes 
incubated in 2 ppm TCA or PBS (n=5 for each case). Substrate concentration:  0.5 mM H2O2. Static 
measurements. Applied Potential: 0.1 V vs. Ag/AgCl. 

 

 In this way the contribution of Cu UPD to the detection of displacement phenomenon was 

demonstrated. The control of non-specifically adsorbed molecules increases the chances of 

specific binding occurrence consequently increasing the component of specifically attached 

molecules, molecules that will undergo displacement by means of TCA. In the case of not 

controlled NSA phenomenon the initial current will have an important component of non-

specifically adsorbed molecules which, although they contribute to the initial current they 

do not undergo displacement. The loss of current in these cases would have an important 

contribution of detachment of NSA molecules caused by phenomena independent from 
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TCA displacement and hence the loss of current observed with TCA addition would not be 

easily distinguishable from buffer effects. 

In the case of Au-s-mAb-H3HRP electrodes, no evidence of significant displacement 

effects was observed, since the loss of signal could not be differentiated between 

incubations with or without TCA (Fig. 4. 12).  

 

4.3.2 Displacement on optimized immunoelectrodes  

4.3.2.1 Displacement Electrochemical Immunosensor (DEI). On-line Experiments 

Once immunoelectrode preparation was optimized regarding to NSA barrier and 

experimental conditions of immunoelectrodes fabrication, the displacement phenomenon 

was further explored.  

Analyte concentrations that according to the mathematical model would provoke 

displacement of the signal higher than 50 % were chosen as starting point.  

 

Fig. 4. 13 depicts the results obtained when 4 ppm of TCA were used as displacing agent in 

on-line experiments. The percentage of displaced current of fully assembled 

immunoelectrodes (Au-S-Cu-mAb-H3HRP) with addition of TCA in the displacement 

step was calculated according to Eq.4. 2 and resulted 58.4 ± 5.7 % (n= 3 replicates). 

Control experiments depicted in Fig. 4. 5 ((i) to (iii) and (v)) were also carried out. Since 

control (iii)  gave no significant loss of current, it was not plotted.  

 

Experiments using (i),(ii)  and (v) control immunoelectrodes gave a loss of current of 12.5 ± 

5.7 % (Au-S-Cu-IgG-H3HRP), 20.4 ± 2.2 % (Au-S-Cu-No IgG-H3HRP) and 31± 10.5 
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% (Au-S-Cu-IgG-H3HRP with addition of PBS in the displacement step) respectively. 

According these control experiments, 28 % of the lost current observed in the DEI could be 

considered as Net Displaced Current due to TCA displacing effect. 

 

 

Fig. 4. 13: Signal observed in on-line experiments for TCA detection and controls. Current densities 
were calculated utilizing active electrode area determined according 5.3.1.1 

 
Once the displacement phenomenon was demonstrated with on-line experiments and in 

order to avoid background noise, difficulties of manipulation and to reach homogeneous 

conditions more easily, batch experiments were investigated from this point onwards.  
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4.3.2.2 DEI Limit of Detection 

The relevance of buffer displacement effects or washing effect (Fig. 4. 5, Control v) was 

further investigated.  

The observed loss of current due to buffer effect (S/V ratio= 0.1 dm-1) calculated as %DC 

TCA was 29 ± 6 % (n=20). This percentage of lost current defined hence the Limit of 

Detection (LOD) [85] as: 

 

%18%% )0()0( ≥−= =≠ AgAg DCDCLOD  

 

Accordingly, only percentages of net displacement current higher than 18 % were 

considered as specific displacement phenomenon. 

 

4.3.2.3 DEI range of operation  

Batch experiments were carried out according to the procedure described in Fig. 5.6 . The 

investigated range of TCA concentration consisted in hundreds of ppb to units of ppm 

according to the predictions of the mathematical model. Net displaced current percentage 

(%NDCTCA) was calculated as described in Eq.4. 4.  

 

The obtained displacement results were contrasted with those predicted by the MM (Fig. 4. 

14). The observed loss of current could be attributed to specific displacement phenomenon 

(Eq.4. 7) in the range of 0.2 ppm to 4 ppm. 

Eq.4. 7 
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Fig. 4. 14: Experimental and predicted percentage of loss of signal. Analyte concentration Ag= 0.2 ppm 
to Ag= 10 ppm of TCA. K/K*: 0.65; Ab0: 0.2 nmoles.dm-2; S/V: 0.1 dm-1. Experimental results 
correspond to n=5 replicates for every TCA concentration. 

 

The obtained net displaced current percentages correlated well with the model predictions 

mainly in the low concentrations of the investigated range. For concentrations higher than 2 

ppm the curve seems to reach a plateau earlier than the predicted results. 

 

4.3.3 Loss of current due to buffer effects- “Washing effect” 

The objective of these experiments was to further investigate the loss of signal merely 

because of incubation in buffer solutions. Displacement experiments without analyte (Ag= 

0) were carried out submerging the electrodes in different buffer volumes without the 

addition of TCA. 
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The volume (V) where the electrodes were immersed was changed while the surface of the 

electrode (S) was kept constant, varying consequently the S/V ratio. The obtained 

displacement results were contrasted with those predicted by the MM for simulation of loss 

of signal in absence of analyte. Fig. 4. 15 shows the experimental and predicted loss of 

signal due to buffer effects (Ag = 0). According to experimental results, the buffer 

displacing effect could vary from 50% (S/V dm-1: 0.00001) to 14 % (S/V dm-1: 10) 

depending on the S/V ratio. On the other hand as described in Chapter 3, the MM  predicted  

total washing of the signal independently of the investigated S/V ratio for K* of values 105 

M-1 (10-4 nM-1). 

Finally for the DEI developed in this work, it is experimentally demonstrated that the loss 

of signal due to buffer effects (washing effects) depend on evaluated S/V ratio. Of 

experimental importance is the fact that total or high washing effects can be controlled in 

order to have a discernable displacement signal different from buffer effects. 
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Fig. 4. 15: Buffer displacement effects on varying Surface/Volume (S/V) ratio of experimental and 
predicted results. Ag0=0 ppm TCA. Ab0: 0.2 nmoles.dm-2. Experimental results correspond to n=5 
replicates for every S/V ratio. 

UNIVERSITAT ROVIRA I VIRGILI 
DEVENLOPMENT OF DISPLACEMENT ELECTROCHEMICAL INMUNOSENSORS: THE CASE OF 2,4,6-TRICHLOROANISOLE 
Maria Viviana Duarte 
ISBN:978-84-691-2700-1/DL:T-385-2008 



 
Chapter 4                     Strategy for Displacement Electrochemical Immunosensors Development: 
                                                                                                         the 2,4,6-trichloroanisole (TCA) case  
 

 156

 
 

4.3.4 TCA - TCP Cross-reactivity 

The importance of the differentiation of TCA and TCP lies on the fact that TCP is the 

precursor of TCA and its main competitor in real samples. It is important to have a system 

of detection that differentiates both compounds.  

In this sense, displacement experiments were carried out using TCP or TCA as displacing 

agent in order to evaluate the loss of signal generated by each compound.  

The results obtained (Fig. 4. 16) demonstrated that when same concentration of displacing 

agent are compared, TCA gave raise to higher displacement effects. 
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Fig. 4. 16: Loss of signal on Au-s-Cu-mAb-H3HRP immunoelectrodes after incubation with TCP or 
TCA solutions  

 
These results gave optimistic indications of the behaviour that the DEI developed could 

have when measuring TCA in solutions different than buffer spiked samples. Further 

investigations of the DEI response in complex matrix would better illuminate the DEI 
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performance under such conditions. Nevertheless inhibition of competition assay on 

immunoelectrodes caused by wine matrix has been reported [66]. 

 

4.4 Discussion 

4.4.1 Controlling the Non-Specific Adsorption (NSA) phenomenon 

As explained in the Introduction of this chapter (section 4.1.2), proteins easily adsorb onto 

gold surfaces. Non-specific physical adsorption (NSA) of bioactive macromolecules such 

as antibodies and enzymes generally results in an activity loss [16]. Also, the NSA would 

negatively affect the displacement principle of the immunosensor since the displaced/lost 

signal would not totally represent the displacement by means of TCA. Considering these 

last observations, it was necessary to find a favourable option to control NSA of the 

proteins.  

 

On the other hand, Au-SAM was chosen to lay the foundations to immobilize the 

components of the immunosensor because of Au good attributes for SAM formation. SAM-

free Au sites should be further modified in order to avoid NSA. As described before, the 

presence of proteins on the electrode surface would block the electron transfer; hence other 

alternative to proteins as blocking agent should be found. Cu UPD was selected as non-

insulating NSA controller agent since it have been demonstrated that ones the SAM is 

formed on gold surface, Cu UPD can be carried out without damaging the SAM and also 

stabilizing the SAM (See section 5.1.2). On the other hand, we take advantage of the fact 

that Cu UPD could be oxidized. In this sense, the surface of Cu would not be that available 

for the attachment of proteins on its surface. 
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In summary, Cu UPD was applied as potential NSA controller because of its suitability to 

be applied on Au –SAM surfaces playing a stabilizing role and also decreasing the 

possibilities of NSA of proteins without insulation of the electrochemical signal, 

 
The use of Cu UPD demonstrated great potential to contribute to control the Non-Specific 

Adsorption (NSA) of H3HRP. The benefits of Cu UPD as NSA barrier was evidenced by 

the significant different currents observed for Au-S-Cu-mAb-H3HRP immunoelectrodes 

that resulted 58 % higher compared with control electrodes that contrasts with the 22 % 

difference between Au-S-mAb-H3HRP immunoelectrodes and their controls (Fig. 4. 11) .  

Also positive contribution of Cu to the displacement phenomenon was observed since the 

loss of signal of DEI submerged in TCA solution was significantly distinguished (Net 

Displaced Current, NDCTCA) from electrodes submerged simply in buffer solutions. With 

the addition of 2 ppm of TCA, Au-S-Cu-mAb-H3HRP immunoelectrodes demonstrated 

29 % of NDC, while no significant NDC was observed for Au-S-mAb-H3HRP 

immunolelectrodes (Fig. 4. 11).  

 

The different performance of metals (like Au and Cu) with regard to NSA phenomenon 

agrees with the specificity of proteins to metals studied in the literature. The different 

electronic configurations of the metals lead to different binding probabilities of sulfur and 

protonated group of the proteins residues with the surface [11]. Other authors [19, 21, 25, 

26]  studied the modification of surface using compounds with polar functional groups, 

hydrogen bond accepting groups, no hydrogen bond donating groups and not net charge to 

make protein resistant surfaces but, because of Cu metallic nature, the use of Cu as 
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blocking agent has the additional advantage of preventing insulation of the electrochemical 

signal caused by the presence of proteins on the electrode surface [10]. 

 

4.4.2 Detection of displacement phenomenon  

 
Displacement principles on optimized DEI were demonstrated in on-line experiments 

where a net displaced current (%NDCTCA) of 28 % was achieved with the addition of 4 ppm 

of TCA. Nevertheless, on-line experiments undergo noisy response during addition of 

solutions and some problems of homogenization were detected. Consequently once 

displacement phenomenon was demonstrated batch experiments were carried out to 

continue the investigation of the DEI response. 

 

The minimum TCA concentration where discernable displacement phenomenon was 

observed corresponded to 0.2 ppm TCA according to the limit of detection calculated 

inEq.4. 7, that established that only percentages of net displaced currents equal or higher 

than 18 % could be considered as statistically discernable from blanks (buffer additions 

instead of TCA). A closer look of the investigated concentration range (Fig. 4. 14) indicates 

that the displacement of the signal seem to reach a plateau. Since the NSA of proteins was 

controlled but not totally eliminated, this plateau could be attributed to a residual signal 

caused by non-specifically adsorbed molecules. The presence of non-specifically adsorbed 

molecules that are electrochemically active and do not undergo displacement would be the 

cause of divergences of experimental with predicted results from the mathematical model. 

It is noteworthy that protein adsorption to solid-water interfaces is a multistep process, 

where the later steps are related to structural rearrangement of the protein and dehydration 
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effects that make the adsorption process irreversible [11] and assures their permanence on 

the electrode surface. 

 

 Displacement electrochemical immunosensor for TCA detection was first time developed 

here. Despite the available low affinity constant (K: mAb to TCA affinity constant), an 

operative immunosensor, based on the selection of the labelled sub-optimum and the 

possibility of controlling NSA with the use of non-insulating Cu UPD was developed. 

Although limits of detection of ppm were reached, the designed DEI still has big potential 

to reach lower limits of detection with the use of higher affinity antibodies (Chapter 3, 

section 3.3.2.6) and further control of NSA.    

 

4.4.3 Fitting of predicted and experimental results  

Regarding to the fitting of experimental results with the MM predictions in Chapter 3, the 

MM predicted sufficiently well the concentration range of work of the DEI in batch 

experiments. Nevertheless, deviation of the exact fitting of experimental and predicted 

results is observed. 

 

The presence of still some NSA contribution, the possibility of changes in the antibody 

affinity due to immobilization [86] and experimental sources of unavoidable error could be 

mentioned as origin of such deviations.  

 

On the other hand, no agreement with the predictions related to loss of current in absence of 

analyte was found. The predicted total loss of current only due to buffer effect was not 
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experimentally observed; opposite to this the experiments demonstrated that the washing 

effect could be controlled by changing the volume (V) where displacement takes place. 

Also, the validity of the selection of S/V ratio equal to 0.1 dm-1 is demonstrated with the 

detection of a discernable net displaced signal and the experimental estimation that one of 

the lowest washing effects is observed for such S/V ratio (Fig. 4. 15). 

 

It should be reminded that most DEI experiments and the ones contrasted with the MM 

correspond to batch experiments because of practical experimental reasons explained 

before. Nevertheless, it could be foreseen that the fitting of on-line experiments results with 

the MM would have been harder since the MM should have been also considered dynamic 

factors like flow rates or diffusion effects. The assumption of local equilibrium of the MM 

could have also been a greater source of inconsistency of the MM predictions with on-line 

experiments. 

 

4.4.4 DEI range of operation  

As pointed out in previous section, the range of operation of the DEI reported here is units 

of ppm with a LOD of 0.2 ppm. Nevertheless, there is still the possibility of obtaining 

limits of detection matching the human threshold (ppt of TCA) by exploitation of affinity 

constants (K) values of 109 M-1 or higher (Chapter 3, section 3.3.2.6). 

 

Despite the fact that the achieved limit of detection may not match human thresholds the 

main contribution of the developed DEI is the use of displacement procedure. Displacement 

procedure avoids pre-treatment and labelling of the sample (labelless) and also opens the 
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doors for reagentless immunosensensing if mediator and substrate derivates are introduced 

in the DEI preparation. Additionally, the displacement procedure reported here could be 

completed within only 20 minutes once the immunoelectrodes are prepared. 

 

Little about electrochemical immunosensor for TCA detection has been reported [66]. 

Works report limits of detection of 87 ppt and 29 ppt (with or without ethanol respectively) 

using immunoelectrodes prepared on carbon screen printed electrodes. Polyclonal 

antibodies were immobilized through incubation of carbonate solution of the antibody on 

the electrode and BSA was used as blocking agent. The reported immunoelectrode works 

under direct competition assay (DCI) with an incubation time of the electrode in competing 

solutions (TCA and labelled competitor) of 1 hr. 

The reported here DEI could have advantages compared to the DCI since DEI still have 

potential to improve its LOD, it requires shorter experimental time and provides the 

possibility of reagentless detection. 

 

4.5 Conclusions 

The feasibility of developing an electrochemical displacement immunosensor, despite the 

low affinity constant existent has been shown. The non-specific adsorption phenomenon 

was partially but successfully controlled by the use of non-insulating Cu UPD monolayer 

formation, which, together with amperometric displacement detection, can be the basis for 

the development of reagentless and labeless immunosensors. 
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Main advantages of the developed immunosensor lie on the detection time rather than on 

the net limit of detection and the use of displacement principles that settles the foundations 

for real labelless and reagentless systems.  
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CHAPTER 5 
Overall conclusions 

 

 
 
In this thesis, the principles of Displacement Electrochemical Immunosensing were 

demonstrated through their application to the detection of 2,4,6-trichloroanisole (TCA) as 

target analyte. Also in this investigation, first indirect competitive ELISA (ICE) for TCA 

detection with limits of detection in the range of units of ppt and within a relative short 

experimental time is developed.  

 

To achieve these main goals, the following objectives were accomplished: 

1. The rational design of indirect competitive ELISA for TCA detection was 

demonstrated. The indirect competitive ELISA developed utilizes a monoclonal 

antibody specifically rose for this work (mAb) and demonstrated to be capable of 

detecting TCA within a working range of 1ppt to 1 ppm, with a limit of detection 

of 4.2 ppt.  
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      Accelerated aging studies demonstrated the stability to storage of previously 

coated and blocked plates, making feasible the ICE detection in less than 80 

minutes without the need of amplification of the signal and including the 

colorimetrical detection. Depending on the labeling of the mAb, the developed 

ICE still offers the potential of an experimental time of 20 minutes, which gives 

great interest in the application of  this assay where short experimental time are 

decisive in go/no go processes. 

 

2. A mathematical model (MM) of the displacement immunosensor was developed. 

The mathematical model helped to foresee the concentration work range of the 

displacement electrochemical immunosensor (DEI) according to ELISA estimated 

affinity constant of the investigated system. The predictions obtained from the 

MM guided the selection of investigated TCA concentrations and labeled sub-

optimum antigens.  

 

3. The rational design of an electrochemical displacement immunosensor (DEI) was 

demonstrated. A functional DEI was developed despite the low affinity constant 

existent and the non specific adsorption (NSA) of proteins. NSA phenomenon 

was controlled by the use of non isolating Cu UPD monolayer formation which, 

together with amperometric displacement detection, can be the basis for the 

development of reagentless and labelless immunosensors. 
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