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Chapter 1. Introduction  

1.1 General introduction 

 There are billions of people who want a better quality of life. In fact, it is 

highly related to several factors such as disease detection [1,2], drug discovery [3], 

control of environment pollution [4,5], food quality and homeland security [6,7]. In 

particular, toxic agents including heavy metals, toxins, organic pollutants and food 

additives cause more than 200 diseases, ranging from infectious diseases to cancers 

[8]. For example, diarrheal disease (both food borne and water borne) kills at least 

2,000,000 people annually [9]. In addition, annually approximately 600 million 

people or 1 out of 10 people all over the world become sick after ingesting 

contaminated food. Among them, 420,000 thousand people die including 125,000 

children aged less than 5 years [9]. Therefore, reliable detection and quantification of 

toxic agents in food and drinking water are the first steps to ensure the quality of 

human health.  

Quality of life is supported by the sensor technology. Biosensor, combining 

with a biorecognition element and a suitable transducer represents a promising 

technique for the detection of toxins in food and water samples. This technique relies 

upon the immunoassay based on the detection of antibody-antigen (Ab-Ag) 

interaction. Biosensor provides several advantages such as miniaturization, easy to 

use, short response time and detection of analyte without separation process. Despite 

the extensive research conducted in the past 20 years, a few biosensors including 

glucose biosensor, pregnancy test biosensor and biochemical oxygen demand 

biosensor are available in market [10]. Although huge potentiality emerges in the area 

of food and the environmental monitoring, the lack of high sensitivity of detection 

techniques is a major challenge.  
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The main contaminants in food and the environment are small molecules.  

However, biosensor, which is suffers from low signal levels and low sensitivity in 

response to small molecules, because of the inefficiency of small molecules to 

generate sufficient signal upon biochemical reactions or recognitions 

(immunoreaction).  To overcome this technical limitation, the incorporation of 

nanoparticle is a promising approach. Nanoparticles (NP) has some unique physical 

and chemical features such as redox property, surface fictionalization, optoelectronic 

property and conductivity [11]. Since government and screening agencies (e. g. FDA) 

demand a high sensitive detection technique in improving the quality of human 

health, the use of nanoparticles in biosensors can be a promising method for the 

development of a sensitive technique.    

 1.2 The concept of immunoassay and its application 

Immune system is the natural defense system of body against foreign 

substances. At the invasion of foreign substances such as pathogens or toxins, 

immune responses are stimulated. Then specialized classes of proteins called 

antibodies (also called immunoglobulin) are secreted in blood to neutralize the 

invading organisms or toxic materials. The substance that stimulates the immune 

system to produce antibodies is termed antigen. The specific binding reaction between 

an antibody and the corresponding antigen is called an immunoreaction.  

The term ‘immunoassay’ is used for tests that involve immunoreactions. In 

other word, immunoassay is a biochemical technique that uses antibodies as 

recognition elements for binding of analytes in samples. Therefore, the important step 

in the immunoassay is the molecular recognition of antigen by the corresponding 

antibody. As illustrated in Fig. 1.1, antibody consists of two light and two heavy 

chains, which are linked by disulfide bonds and form characteristic ‘Y’ shape.  The 
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chains are divided into constant (Fc) and variable (Fab) regions; those are unique for 

each type of antibody. Therefore, an antibody can recognize only a specific antigen. 

According to the ‘lock-key’ model, an antibody interacts on a highly specific way 

with its corresponding antigen [12]. The interaction is reversible and governed by the 

low of mass action. Four types of forces assists the recognition as follows: 

(1) Electrostatic interactions 

(2) Van der Waals interactions 

(3) Hydrogen bond interactions  

(4) Hydrophobic interactions. 

 

 

Fig. 1.1 The structure of an antibody (Ab): (a) diagrammatic presentation 

of an Ab with different regions displayed; (b) three-dimensional view of 

an Ab (PDBcode: 1IGT) [12]. 

 

 Antibodies are the key factors for the successful immunoassay. Usually, 

monoclonal and polyclonal antibodies are used in immunoassay. Those antibodies are 

produced in immunized animals such as rabbits, mice or goats. Animals can be 

stimulated to produce different antibodies with different epitopes against a specific 

antigen, and are termed as polyclonal antibodies [13]. Polyclonal antibodies can 
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recognize multiple epitopes of one antigen. Furthermore, polyclonal antibodies are 

inexpensive to be produced. In contrast, monoclonal antibodies are produced from 

identical immune cells that are all clones of a unique parent cell and are expensive 

[14].  

The principle of immunoassay was first introduced by Yalow and Berson et al. 

[15] for the determination of insulin and by Ekins et al. [16] for the determination of 

thyroxin in the late 1950s. Since then, there has been an increasing interest in 

immunoassay development and has become a popular analytical technique in different 

applications, from environmental monitoring and drug analysis to food sciences [17-

21]. Some application fields of immunoassay are summarized in Table 1.1. 

Immunoassays are usually employed for one of the following purposes: 

• To identify the presence or absence of particular chemical substance. 

• To estimate the amount of a particular substance, within a range of 

interest. 

• For real time monitoring of the changes in concentration of an analyte.  

 

  Table 1.1 Application fields of immunoassay. 

 



	
   5	
  

1.3 Analytical methods using immunoreaction 
 
1.3.1 Radioimmunoassay (RIA) 

Radioimmunoassays use radioactive isotopes, usually tritium (3H) or iodine-125 

(125I) as labels to detect either the antigen or antibody. Miles and Hales et al. [41] 

published their first report on radioimmunoassay technique for monitoring insulin in 

human plasma. As shown in Fig.1.2, two antibodies are used and one is radio labeled. 

In this system, the sample is incubated with a specific antibody attached to a 

substrate. After the formation of antibody-antigen complex, a radioactive antibody is 

added. The amount of radioactivity is directly proportional to the amount of antigen. 

The major advantages of RIA are higher sensitivity, easy signal detection and rapid 

assay. However, RIA possesses concerns on occupational safety [42].  

 

Fig. 1.2. The principle of radioimmunoassay [23]. 

 

1.3.2 Enzyme-linked immunosorbent assay (ELISA): 

In the early 1970s, ELISA technique was adopted for the detection of environment 

pollutants such as dithiothreitol (DDT), malathion and aminotriazole in ecosystem 

[43]. Over the next decade, this method has been developed and widely used for food 

and environmental monitoring [44-48]. ELISA employs the basic immunoassay 

concept of an antigen binding to its specific antibody [24,25]. Antigen or antibody in 

liquid phase is immobilized, usually in 96-well microtiter plates (special absorbent 
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plates). The ELISA method follows some steps, shown in Fig. 1.3. The first step is to 

coat ELISA plate with antibody against antigen of interest. In the next step, a sample 

solution-containing antigen is added. The antibody already bonded to the plate 

captures antigen. In step 3, an antibody labeled with enzyme (usually horseradish 

peroxidase or alkaline phosphatase) is added [47,48]. Finally, a substrate (e.g. 5-

amino salicylic acid, orthophenylenediamine, p-nitrophenyl phosphate etc.) is added 

to the plate. During the enzyme–substrate reaction, the substrate is converted into a 

colored product. Therefore, quantification of target analyte is based on color changes. 

ELISA is simple and low cost, but this technique suffers from low sensitivity of the 

photometric measurement, long time for enzyme-substrate reaction (> 1 h) and poor 

stability of the labeled enzymes [49]. 

 

 

Fig. 1.3. The ELISA method showing the steps in the assay [47]. 

1.3.3 Immunochromatographic assay (ICA): 

This assay principle involves flow of liquid containing analyte through a porous 

membrane (nitrocellulose) to an absorbent pad [50-52]. The basic principle of 

immunochromatographic assay is presented in Fig. 1.4. When a sample solution is 

dropped at the sample pad, it moves forward by capillary action. After reaching at the 

conjugation pad, it dissolves and reacts with the colloidal Au-labeled reagents. It then 
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further moves to an area on the test line where antigens or antibodies attached. If the 

compounds formed between samples and the Au-labeled reagents specifically reacts 

with the antigens or antibodies, they will accumulate in test line. This causes a color 

change, which is visible to the naked eye.  

 

Fig.1.4. The principle of immunochromatographic assay [50]. 

 

This technique is rapid (within 5 min) and simple for qualitative screening, but needs 

large volume of samples [51,53]. The practical application of this method is often 

restricted by relatively low sensitivity, especially for the analysis of food 

contaminants such as chemical pesticides and antibiotic residues [54]. 

 

1.3.4 Electrochemical biosensor 

Electrochemistry studies an electron transfer that takes place at the interface of an 

electrode and the electrolyte or species in solution. Biorecognition elements (e.g. 

antibody or antigen) linked with electrode act as electrochemical transducer.  Based 

on the signal generation principle, the electrochemical biosensors are mainly 

classified as amperometric, voltametric, impedimetric and capacitometric [19,55,56]. 

Although the immunoreaction can change the electrochemical signal, the change is 

relatively small. For successful development of immunoassay, high affinity 

antibodies, enzyme labeled antibodies, quantum dots (QDs) or nanoparticle (NP) 



	
   8	
  

labeled antibodies are usually employed [57–61]. For example, Idegami et al. [62] 

applied secondary antibody labeled Au-nanoprticle for signal amplification for the 

detection of human chorionic gonadotropin (hCG) hormone (antigen) by using 

differential pulse voltametry (DPV). The immunoreaction on the electrode surface 

and oxidation of AuNP upon applied voltage is illustrated in Fig. 1.5 A. As seen in 

Fig. 1.5 B, the signal increases proportionally with the increase in antigen 

concentration.  Electrochemical biosensor provides several advantages such as high 

sensitivity, low cost and low power requirement. However, this technique suffer from 

insufficient matching of redox partner with the target analytes, lack of strong 

background signal and low sensitivity [19,63]. 

 

Fig. 1.5. The schematic presentation of electrochemical immunoassay by 

using secondary Ab labeled with AuNP [64]. 

1.3.5 Quartz crystal microbalance (QCM) biosensor  

QCM is basically a mass-sensing sensor. The principle of QCM-biosensor 

relies upon the piezoelectric effect [65] of the crystal. Fig. 1.6 represents the QCM 

immunoassay. When a quartz crystal is subjected to an AC potential, a mechanical 

oscillation is generated. The frequency change of such oscillation is correlated to 
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the mass change on the material surface. The frequency change (Δfx) can be 

explained by the Sauerbrey equation [66]. 

€ 

Δfx = −
f0
2

Fqρq
m      (1.1) 

Where  

€ 

Fq  is the constant of crystal frequency, 

€ 

f0  is the resonance frequency of 

the quartz resonator, 

€ 

ρq  is the material density and m is the mass per unit area. 

Such biosensor utilizes antigen or antibody immobilized sensor surface for the 

measurement of the change in frequency. When immunoreaction is occurred onto 

the sensor surface, the resonance frequency decreases due to formation of 

antibody-antigen complex. The change in frequency (Δfx) is linearly proportional 

to the mass (Δm) of the absorbed molecules per unit area. Recently, 

Karczmarczyk et al. [67] developed a QCM-biosensor for the detection of small 

molecule ochratoxin A by using antibody labeled with AuNP to achieve high 

sensitivity. However, reported limit of detection (LOD) was only 0.16 ngmL-1. 

Therefore, the use of QCM for the detection of trace biological target is still 

encumbered by its relatively low intrinsic sensitivity [68-71].  

 

 

Fig. 1.6. The schematic illustration of QCM immunoassay [72].  
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1.3.6. Chemiluminescent immunoassay 

Chemiluminescent immunoassay, combining with chemiluminscent system 

and immunoreaction, is a detection technology for the determination of analyte in 

sample. This technique measures the signal or response from the emission of 

chemiluminescent (CL) light produced by molecules that are excited by chemical 

energy and detected by a light detector. The most widely used system among CL 

reaction is the luminol-H2O2-horseradish peroxidase. Phenol or derivative compounds 

act as an enhancer of the CL reaction. Since it was first reported by Woodhead et al. 

[73], chemiluminescence immunoassay has drawn attention to researchers in different 

fields such as clinical diagnosis [74], food safety [75], prevention of radiation damage 

[76] and environmental analysis [77]. For example, Guan’s group [78] demonstrated a 

developed chemiluminescence immunoassay based on Fe3O4 magnetic nanoparticle to 

detect human chorionic gonadotropin (hCG). The reported process required time 

consuming step such as washing and labeling as seen from Fig 1.7.  This technique 

provides some advantage such as simple instrumentation, wide dynamic range and 

very low limit of detection. However, chemiluminescent immunoassay suffers from 

considerable background issues [19]. 

 

Fig. 1.7. The schematic diagram of chemiluminescent immunoassay for hCG [78]. 
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1.3.7. Surface plasmon resonance (SPR) biosensor [56-85] 

SPR biosensor is an optical sensor based on excitation of surface plasmon at 

thin metal (Au) film [33,79]. A beam of incident light can couple with the surface 

plasmon under certain condition and generating an evanescent electromagnetic wave, 

which decay exponentially within 300 nm from the metal Au surface [79]. SPR 

biosensor measures the refractive index (RI) changes (smaller than 10-5) due to 

binding analyte onto the sensor surface with a time resolution of few seconds [80]. 

The sensor response is characterized by the wavelength (λ) or angle (θ) of the 

minimum reflectivity [80,81].  The basic principle of SPR biosensor is illustrated in 

Fig. 1.8.  

 

Fig. 1.8. The schematic view of typical SPR biosensor [79]. 

 

In SPR-biosensing, a solution containing target analyte is flowed over the 

sensor surface where probe molecules are immobilized. The capture of analyte by 

molecular recognition of the sensor surface alter its refractive index and resulted in 

SPR angle shift. From the angle shift calculation (Δθ) the reacted amount of analyte 

on that surface (1 mdeg~ 10 RU~ 1 ng cm-2) can be calculate [82].  Since the first 
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application of SPR technology for a biosensor for the detection of gas by Nylander 

and Liedberg et al. [83,84] in 1983, SPR biosensors have attracted increasing 

attention and have been widely used in various fields including biomolecular 

interaction monitor [85], pharmaceutical development [33], medical diagnostics 

[33,85–88], environmental monitoring [33, 89–91], food safety [33,92–94], and 

homeland security [33,95–98]. For example, Muira’s group [95-98] studied SPR 

biosensors for the detection of TNT, which has carcinogenic effect and usually used 

in landmines. Most of their sensor could detect as few as 10 pgmL-1 in less than 20 

min, without labeling or enrichment step.  

In the scope of the thesis, I will focus on SPR biosensor as it provides several 

advantages such as: 

 Label-free detection 

 High sensitivity 

 Rapid and real-time analysis  

 Relatively simple procedures 

 Small amount of sample solution 

 Miniaturization 

 Immunoassay provides high selectivity 

 

1.4  SPR biosensor and its application 

1.4.1 Design of immunosurafce for SPR-immunoasensing 

SPR biosensors commonly use antibodies or antigen as bioreceptors to 

recognize its complementary target. The classification of strategies for the sensor 

surface fabrication onto both unmodified and functionalized Au-substrate is difficult. 

Because the diversity of activation process and the singularity of each recognition 
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event. To date, several sensor surface fabrications strategy has been introduced. A 

brief summery of some SPR immunosensors have been developed for various 

application are listed in Table. 1.2. 

(i) Adsorption  

Direct adsorption onto Au-surfaces is simple and easy to perform; therefore, it 

is the most employed sensor surface fabrication approach for decades [79,93,94]. This 

adsorption is generally relies on hydrophobic, electrostatic, hydrogen binding and 

Van der Waals forces [79]. Antibody or analyte-protein conjugate can be immobilized 

onto Au-surface for the detection of analyte of interest. For instance, Shankaran et al. 

[79] have been developed immunosensor by physical adsorption of the conjugates for 

the detection of analytes such as methampthamine and they reported high sensitivity. 

However, physical adsorption is an uncontrolled and non-specific process that may 

cause the sensor surface inactivation. Furthermore, there is a possibility to degrade the 

sensor surface [95]. As a result, the stability and the reproducibility of the assay will 

be decreased. 

Table 1.2. SPR immunosurface fabrication technique 

 

(ii) Dextran platform 
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The special conformation of dextran based-layer provides multiple binding 

sites. Therefore, a high density of immobilized receptors is expected. The 

immobilization of antibodies or antigen can be achieved through amide coupling 

chemistry. Prior to immobilization, the carboxylic groups of dextran are activated by 

carbodiimide bonding [92]. Subsequently, the antibody or analyte-conjugates are 

covalently attached to the surface via the amine group. This type of platform has been 

traditionally used in SPR biosensing, especially through Biacore carboxymethyl (CM) 

dextran sensor surface [96-98]. However, such surface faced problem regarding non-

specific adsorption, when real sample for example plasma or serum is analyses. 

Another possible difficulty is the mass transfer limitation, which may lead wrong 

kinetic information [79]. 

(iii) Self-assembly  

The formation of self-assembled monolayer (SAM) is simple and 

straightforward. In particular, SAM of alkanethiols on Au surface provides a 

convenient and flexible route to fabricate a stable and ordered layer of biological 

molecule on a variety of substrate [79]. Therefore, covalently binding of receptor 

(antibodies or antigen) to previously chemically modified substrate is widely used 

immobilization method for monitoring immunoreactions [99-102].  One of the most 

important advantages of immunosurface fabricated by using SAM method is 

reduction of non-specific adsorption [79].  

(iv) Protein A or protein G 

Fabrication of sensor surface via Protein A and Protein G binding is a 

common strategy to achieve site-oriented immobilization of antibodies onto sensor 

surface [103-105]. Antibody-binding proteins are generally attached to Au-surface 

with self-assembled monolayer or dextran-hydrogel coupling. The Fc part of antibody 
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covalently binds with the protein. Therefore, the antigen-binding sites stay away from 

the sensor surface. Consequently, a stable and accessible immunosurface can be 

achieved, which is capable to recognize its complementary target.  For example, 

Waswa et al. [105] attached protein A onto carboxymethylated (CM) dextran layer via 

amide-coupling reaction. Subsequently they immobilized polyclonal S. enterica 

antibody to protein A in order to prepare sensor surface for the detection of S. 

enterica in milk. One of the important limitations of this modification process is the 

high cost and the requirement of a linker to immobilize the protein A or G [79].  

(v) Biotin-avidin coupling  

  The immobilization of bioreceptors via biotin-avidin coupling is generally 

employed when the amine or thiol coupling is unsuitable [92]. Biotin (MW 244 Da) 

has carboxylic acid group, which can covalently bind with a wide range of 

macromolecules (e.g. proteins, peptides, oligonuclides and antibodies) while 

maintaining its binding affinity towards avidin or avidin related molecules such as 

steptavidin. Steptavidin has four binding sites and it forms a layer over a biotynilated 

surface (e.g. biotynilated BSA). The steptavidin-immobilized surface then captures 

the biotynilated antibody. This method is a common choice in order to control the 

receptor orientation and signal enhancement due to high binding capacity [106-108]. 

However, one significant limitation is the requirement of chemically modifying the 

biotynilated antibody. Therefore, the cost and required time are increased for the 

analysis. 

(iv) Polymer matrix  

The fictionalization of the SPR sensor surface via polymers provides a 

versatile and heterogeneous three-dimensional matrix for capturing receptors by 

adsorption or covalent coupling. Poly (p-xylylene) polymers and polymer brushes of 



	
   16	
  

(poly (2-hydroxyethyl methacrylate) (poly (HEMA)) and poly[oligo(ethylene glycol) 

methacrylate-co-glycidyl methacrylate] (POEGMA-co-GMA)) are used in the 

fabrication process [109,110]. 

Among these sensor surface fabrication methods mentioned above, self-

assembly (SAM) shows great advantages in terms of surface oriented monolayer, high 

stability and easy preparation. 

 

1.4.2 Detection principle 
 
  The selection of detection principle basically depends on the size of analyte 

(antigen) molecule and characteristic of analyte, which has to be detected. The 

common assay principles are (a) direct detection, (b) sandwich detection, (c) 

competitive detection and (d) indirect competitive inhibition format. Each assay 

format has its own advantages and limitations in terms of sensitivity, availability of 

suitable reagents, assay time, required sample volume and application [33,111]. An 

overview of different assay formats used in SPR biosensor for various application 

fields are summarized in Table 1.3. 

(a) Direct assay format  

With a direct assay format (Fig. 1.9-a), antibodies (Ab) are immobilized onto 

the substrate [83,111]. Upon injection the sample containing anlyte of interest, analyte 

can directly binds to the Ab onto sensor surface. Therefore, the binding response is 

proportional to the mass of antigen. By the use of such simple direct assay format, 

Indyk et al. have reported a detection limit of 16.8 ppb (ng/mL) for IgG in milk [121].  

This assay format is appropriate for large molecule (Molar mass > 10 kDa), because 

small molecule (Molar mass < 1000 Da) have insufficient mass to produce a 

detectable change in refractive index at the sensor surface [33,111]. 



	
   17	
  

Table.1.3 Overview of detection format used in SPR immunoassay. 

 

(b) Sandwich assay format 

The direct immunoassay can further improve by employing secondary 

antibody and antibody-antigen-antibody complex is formed, which is called sandwich 

immunoassay (Fig. 1.9-b). Therefore, this assay format consists of two recognition 

steps; first one is primary immunoreaction and the next one is secondary 

immunoreaction. Concentration of analyte is proportional to the signaling intensity of 

the immunocomplex generated by the secondary immunoreaction. Based on this assay 

principle, Homola et al. [114] have analyzed milk sample for the detection of 

staphylococcal enterotoxin B and more than 10-times lower detection limit with a 

magnitude of 0.5 ng mL-1 compared to the direct immunoassay was reported. This 

assay format produced high signal and high sensitivity; hence it gained popularity in 

the immunosensing. However, it should be noted that this assay requires two distinct 
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antibodies that simultaneously binds with the target analyte. In addition, this format is 

applicable for large molecule (> 5000 Da) such as protein, bacteria and viruses those 

has a minimum of two distinct epitopes [111]. Therefore, those two fundamental 

limitations hinder its wide application.  

 

Fig. 1.9. The principle of assay formats used in SPR biosensor [33]. 

(c) Competitive immunoassay 

Figure 1.9-c presents the principle of competitive assay format, in which   

sensor surface is antibody immobilized sensor surface. Exposure of this sensor to a 

solution of the analyte of interest mixed with a conjugate analyte, the analyte and its 

conjugate analogue compete for the binding sites of the sensor surface [112]. The 
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analyte blocks the ability of the analyte conjugate to bind because that binding site on 

the antibody is already occupied. Therefore, the binding signal of the test sample is 

inversely proportional to the concentration of analyte.  When analyte is introduced to 

the sensor surface after the injection of analyte conjugate, this assay format is called 

as competitive displacement assay [124]. Upon injection of analyte, displacement of 

analyte conjugate from the sensor surface is occurs. This format is easy to use. 

However, the binding affinity of surface-bound and solution-phase analyte needs to 

be comparable [111]. 

 

(d) Indirect competitive inhibition immunoassay 

In this assay (Fig. 1.9-d), antigen or analyte of interest is immobilized onto 

sensor chip via an appropriate monolayer or an analyte-carrier protein (such as BSA). 

Then, the analyte and its corresponding antibody are premixed. In this step, a portion 

of antibody will bind to the analyte in the premixed solution. Hence, unreacted 

antibody bind with the analyte onto sensor surface. There are two immunoreactions 

occurs in the indirect competitive inhibition immunoassay. One is solution 

immunoreaction and another is sensor surface immunoraection. The SPR transducer 

monitors the sensor surface immunoreaction between antibody and analyte at the 

interface and translates the changes in dielectric constant into output signal. As the 

SPR biosensor recognizes the binding of heavy weight antibody; therefore, a high 

signal is expected [111]. Indirect competitive inhibition immunoassay is useful 

[33,111] for analyte (such as toxins, β-agonists) with single epitope and molar mass 

less than 1,000 Da.  

1.4.3 β-agonists as target antigen 

  The agriculture and live stock sector of many countries are under threatened 

due to several environmental problems. Furthermore, some countries need to import 
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food products such as meet and grains from other countries due to food-insufficiency. 

Table 1.4 represents food sufficiency rate in fiscal year in 2014 and target for 2025 in 

Japan [125]. This report also stated that approximately 60% of the total consumption 

has been imported from other countries. Another report shows that Japan imports 

approximately 700,000 metric tons of beef, which is about 17 % of the global import 

[126]. The inspection rate in term of food safety conducted in Japan to check the 

quality of imported food is approximately 20 % [127]. 

 

Table 1.4. Food –sufficiency rate in Japan. 

 

Beta-adrenergic agonists or β-Agonists (MW is less than 300 Da) are among 

the commonly prescribed drugs for the treatment of respiratory diseases and asthma 

[128-131]. However, due to their potential roles in increasing muscle to fat ratio, β-

agonists are illegally used in animals as growth promoters [132-137].  Clenbuterol 

(Fig. 1.10) is the most common and one of the most potent β-adrenergic agonist used 

in meat farming for such purpose. It may be added to animal feeds as growth 

promoter with a dose level 5 to 10 times higher than the therapeutic dose (0.8 ug/kg 

body weight per day) for economic benefit [138-140]. After consumption of meet, 

clenbuterol can be easily stored in human tissues, and result in many serious health 

problems such as headache, nervousness, tremor, rhinitis, blood pressure, heart 

palpitations etc. [141-143]. Recently, many countries including EU, USA, China and 

Japan have strictly banned the use of clenbuterol for growth promoting agent [144]. 
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Fig. 1.10. Chemical structure of Clenbuterol. 

The doping issue is also a burning issue in the sports sector such as World Cup 

Football, Olympics game, etc. Despite several attempts have been taken by concerned 

authority such as International Association of Athlete Federations (IAAF), 

International Olympic Committee (IOC) to keep free sports from doping, recent 

report didn’t indicated any signs of decreasing trend [145]. Recent reports on meat 

consuming by athletes in China have shown an increased risk of unintentional doping 

with the banned chemical clenbuterol [146, 147]. Therefore, inspection services for 

food safety are particularly interested in β-agonists. 

1.4.4 Recent advancement in analysis of β-agonists 

To date, analysis of β-agonists is performed by traditional analytical 

methods including chromatography combined mass spectroscopy [148] and enzyme-

linked immunosorbant immunoassay (ELISA) [149,150]. These technologies provide 

high sensitivity, but can’t meet the requirement of on-site and rapid detection. In 

contrast, SPR biosensor received increased attention as it provides many advances are 

discussed earlier. Some recent studies are summarized in Table 1.5. In general, 

indirect competitive inhibition immunoassay is adopted, as β-agonists are small 

molecules. For example, Wu et al. [164] prepared sensor surface by conjugating 

clenbuterol (Clb) to BSA conjugate, which provides large number of reaction sites. 

As a result, a high response can be obtained. However, the reported LOD was 4.5 

ppm by using anti-clenbuterolpolyclonal Ab in buffer solution. Most importantly, 
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they could not avoid the non-specific adsorption. In another example, Gao et al. [149] 

applied the same strategy and assay format for the detection of ractopamine and 

achieved sensitivity as low as 0.12 ppb in pork liver sample. In order to improve 

sensitivity, Yao et al. [160] explored a new immobilization strategy and prepared 

three-dimentional immobilization of clenbuterol. The limit of detection was obtained 

6.32 ppm. Most recently, Suherman et al. [161-163] constructed immunosurface 

through immobilization of Clb onto self-assembled monolayer via amide coupling 

reaction. The estimated limit of detection was as low as 3 ppt for unlabeled anti-

clenbuterol antibody (primary Ab). Therefore, high sensitivity is requested for the 

practical application. Recent developments of analytical techniques for β-agonists 

detection have been listed in Table 1.5. 

Table: 1.5 Summery of analytical technologies of β-agonists. 
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1.5 Objective and outline of the thesis 
 
1.5.1 Objective of the thesis 
 

 SPR biosensor is a suitable candidate as it provides a numerous advantages 

over other kinds of analytical method. However, the SPR biosensor is not 

commercialized so far, because a common SPR instrument is larger than a microwave 

oven in kitchen. Although the compact SPR biosensor has been commercialized, its 

sensitivity is lower than laboratory oriented common SPR instrument. The lack of 

high signal and high sensitivity for detecting a small analyte at a low concentration is 

a major impediment to SPR biosensor. 

When small molecule such as β-agonists is target, the indirect competitive 

inhibition immunoassay is useful. Although a high SPR signal is expected using this 

immunoassay format, only 5 mdeg was reported using monoclonal Ab [161]. 

Whereas, 10 mdeg signal drift could be observed due to physical change such as 

temperature and pressure.  Furthermore, LOD obtained by previous study [161-165], 

is far above for practical application.  Thus, I investigated the signal enhancement and 

sensitivity improvement of the immunoassay. In the past reports, the SPR 

immunosensing with Au nanoparticles provides a high sensitivity [33]. However, the 

use of AuNP for sensor surface modification could not produced a high sensitivity of 

the indirect competitive inhibition immunoassay. Therefore, it is hypothesized that 

monoclonal Ab labeled with AuNP (Ab-AuNP conjugate) as a biorecognition element 

could improve the sensitivity. However, it is believed that the total size of Ab-AuNP 

conjugate becomes a larger than the unlabeled antibody. Hence, the mobility of 

AuNP-antibody must be altered. Since affinity constant of immunoreaction is a key 

factor of sensitivity, thus it is assumed that large size Ab-AuNP conjugate would 

affect the immunoreaction. Therefore, I investigated the relationship between the 



	
   24	
  

affinity constants of immunoreaction and LOD of indirect competitive inhibition 

immunoassay. In this thesis, I used clenbuterol (a small analyte) as a target analyte. 

As the primary immunoraection could not generate sufficient SPR signal, 

therefore I proposed secondary immunoreaction in the indirect competitive inhibition 

immunoassay. It was reported [161-163] that the sensitivity of the primary 

immunoreaction was determined by the affinity constant of the immunosurface. Thus, 

it is inferred here that the affinity constant of the sensor surface also influenced on the 

secondary immunoreaction.  Aiming to elucidate this effect on the secondary 

immunoreaction, the low and high affinity constant sensor surfaces were employed.  

Even though the high sensitivity was realized in an ideal condition, there are 

challenges for real sample analysis as it contains many kinds of inhibitors. In addition, 

pH of sample may affect the SPR response. However, this information for secondary 

immunoassay is still lacked. Thus, I investigated the pH effect in secondary 

immunoassay. It should be noted that an important step for biological sample analysis 

is the pretreatment. The present filtration process takes long times (more than 1 h) and 

need organic solvent. To overcome this limitation, alternative filtration process is 

needed. In order to test the developed immunoassay and filtration process for the 

practical application, urine sample was analyzed.  

1.5.2 Outline of the thesis 

The main body of the thesis includes 6 chapters. 

In chapter 1, the present situation of environmental problems and its adverse 

effects on human beings are described. Also, inadequacy of classical methodologies 

to overcome the environmental assessments and monitoring is mentioned. Because 

this thesis focused on SPR, the principle and its application are reported. In addition, 
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the sensors using an immunoassay are introduced to deal with environmental 

challenges. The scope and outline of the thesis have briefly are summarized. 

In chapter 2, the instrument and their principle are described in briefly. In 

particular, SPR configuration and the sensor surface fabrication process are 

introduced. Experimental condition of SPR, UV-Vis spectroscopy, and X-ray 

Photoelectron Spectroscopy (XPS) is mentioned. 

In chapter 3, I discuss clenbuterol immunosensing by using the anti-

clenbuterol Ab (mouse IgG) and anti-clenbuterol Ab labeled with AuNP (Ab-AuNP 

conjugate). The sensor surface fabrication procedure, anti-clenbuterol Ab labeling 

processes its characterization is described here. Using indirect competitive inhibition 

immunoassay, the sensing performance of Ab and Ab-AuNP conjugate are compared 

for the detection of clenbuterol. To identify the key factors in determining the LOD of 

the immunoassay, the affinity constants of surface immunoreaction (K1) and solution 

immunoreaction (αK2) is evaluated. According to the modified Langmuir isotherm, 

the simulation plot of LOD with respect to K1 and αK2 are constructed. The 

simulation plot clarifies the LOD determination factor of the indirect competitive 

inhibition immunoassay. 

In chapter 4, I propose the secondary immunoreaction in indirect competitive 

inhibition immunoassay aiming to achieve high signal and sensitivity. To understand 

the effect of sensor surface affinity constant on the secondary immunoreaction, a low 

and a high affinity constant sensor surface are febricated. The SPR response and the 

obtained sensitivity for clenbuterol immunosensing are compared. In order to 

calculate the affinity constant for the secondary immunoreaction, the Langmuir 

isotherm is modified. After secondary immunoreaction, the sensor surfaces are 

characterized by using XPS study. Furthermore, the sensing performance of unlabeled 
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anti-mouse IgG (secondary Ab) and anti-mouse IgG labeled with AuNP (Ab2-AuNP) 

are compared. The obtained results are discussed based on surface concentration and 

affinity constant calculation.  

Chapter 5 describes a highly sensitive immunosensing of clenbuterol in a real 

urine sample.   Urine sample filtration processes (physical and chemical filtration) and 

the obtained results are compared. The clenbuterol spiked urine sample is analyzed by 

using secondary immunoreaction with Ab2–Au NP conjugate. The obtained 

sensitivity is also compared with the ideal buffer solution. 

In chapter 6, the concept of the sensitivity determination factor is 

summarized. Based on the kinetic analysis, the strategy for the design of the highly 

sensitive immunoresensing is discussed. Further, toward to a practical use of 

immunosensor, the pretreatment method for a real urine sample is proposed. 
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Chapter 2 
 
Experimental 
 
2.1 Materials and Chemicals 
 

Clenbuterol hydrochloride and its corresponding antibody [mouse 

immunoglobulin (IgG) clenbuterol, clone 1F8B10B7] were supplied by LKT 

Laboratories, Inc. (USA) and Novus Biologicals (USA), respectively. Anti-mouse 

IgG (H+L) and anti-mouse IgG (H+L) labeled with Au- nanoparticle (40 nm, 2.14 x 

1011 particle/ mL) were purchased from Jacson Immunoresearch Lab. Inc. and 

Cytodiagonestic, Canada, respectively. Phosphate-buffered saline (PBS, pH 7.4), 3,3ʹ′-

dithiobis sulfosuccinimidyl propionate (DTSSP), and dithiobis succinimidyl 

propionate (DSP) were supplied by Thermos Scientific (USA). Colloidal Au (40 nm) 

was purchased from British BioCell International Solutions (UK). Borate-buffered 

saline (pH 8.5) and 10% bovine serum albumin (BSA) solution were purchased from 

KPL (USA) and Sigma–Aldrich (USA), respectively. Ethanol, potassium dihydrogen 

phosphate and ammonium chloride were all obtained from WAKO, Japan, 

respectively. Sodium dihydrogen phosphate, disodium hydrogen phosphate and 

ethanolamine were purchased from Kanto Chemical Co. Inc., Japan, respectively. 

Methanol and sodium sulfite were supplied by Dojindo, Japan and Nakali Tesque Inc. 

Kyoto, Japan.  Sodium chloride and sodium hydroxide were purchased from Junsei 

Chemical Co., Ltd. (Japan). Refractive index-matching fluid (refractive index = 

1.518) was obtained from Cargille Labs (USA). Minisart Syringe filter and monospin 

(CBA, amide, and C18) were supplied by Thermos Scientific and GL sciences 

(Japan). Deionized water (18.2 MΩ cm) was produced from a Millipore Milli-Q 

purification system. Urine sample of cow was collected from the field science center 

for Northern Biosphere, Hokkaido University.  
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2.2 Surface Plasmon Resonance (SPR) 

2.2.1 Excitation of surface plasmons 

 Surface Plasmons (SPs) are electron clouds oscillation that occurs at specific 

material interfaces, such as metal-dielectric interfaces. A light wave can couple to a 

surface plasmon if the component of light’s wave vector is matches with the 

propagation constant of the surface plasmon.  

 

Fig. 2.1. (a) The concept of SPR and (b) dispersion curve of light in vacuum and 

surface plasmon [1]. 

 

 The excitation of surface plasmon by light is denoted as SPR (Fig.2.1). The 

dispersion curve is illustrated, where surface plasmon mode shows the momentum 

mismatch problem. Fig.2.1 (b) indicated that the momentum of surface plasmon mode 

is always lying beyond the light line. Therefore, the propagation constant (ksp) of a 

surface plasmon at a metal-dielectric interface is larger than the free-space photon (k0) 

of the same frequency (ω). Thus, surface plasmons cannot be excited directly by the 

light incident onto a smooth metal surface. As a consequence, special techniques 

(coupling devices) are essential to couple photons with surface plasmon. These 

techniques are known as the configuration of SPR, a brief description as follows: 
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Otto configuration 

 The Otto configuration is illustrated in Fig. 2.2 (a), where the order of layer is 

prism, air gap (dielectric) and metal layer.  When the angle of the incident light is 

greater than the critical angle, the evanescent field can tunnel through the air gap and 

coupled with the surface plasmon of metal surface. The coupling is highly depends on 

the air gap; therefore, prism and metal surface should be very close to each other. This 

configuration is useful in the study of single crystal metal surfaces and adsorption 

phenomenon on them [2]. One of the important advantages of this configuration is 

temperature independent. However, applications where fluids and solutions are 

concerned, this configuration is no longer effective, due to the gap between the metal 

and prism [3-5]. 

 

	
  

 Fig. 2.2. SPR configuration (a) Otto configuration, (b) Kretschmann 

configuration and (c) grating configuration [6]. 

 

Kretschmann configuration 

 In 1968, Kretschmann-Raether [6,7] gave geometry for the excitation of surface 

plasmon on a smooth surface, where a metal layer (e.g. Au, thickness approximately 

50 nm) is sandwiched between the prism and the dielectric. The arrangement is 

schematically presented in Fig 2.2 (b). In the Kretschmann configuration, a metal film 
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(e.g. Au) is illuminated with a single wavelength light through a high refractive index 

prism at an angle of incidence is greater than the critical angle for attenuated total 

reflection (ATR) and generating an evanescent wave [8-10]. This evanescent wave 

propagates along the interface between the prism and the metallic film with 

propagation constant. The coupling condition can be expressed by: 

    

€ 

kx =
2π
λ0
np sinθ     (Eq. 2.1) [11] 

Where kx is the wave vector component along the x-axis of the incident light, λ0 is the 

wavelength in vaccum, np is the refractive index of the prism and θ is the incident 

angle. Therefore, the wave vector component of evanescent field can be adjusted with 

the propagation constant of surface plasmon by controlling the angle of incident light. 

The optical excitation of surface plasmon results in a drop in the intensity of the 

reflected light. This configuration is applied in sensing performance, mostly for SPR 

biosensor techniques. 

	
  

Diffraction grating configuration 

 Fig. 2.2 (c) presented the diffraction grating configuration. An incident light  

comes from the dielectric medium on a metallic grating and diffracted. The wave 

vectors from diffraction grating are larger in magnitude than the incident light wave 

vector. The surface plasmon wave matched with the incident beam by diffraction at a 

rectangle metal grating [7, 11-14]. This method is suitable for spectral filtering 

applications.  

 In practical application, Kretschmann configuration has gained much attention 

to the scientist because the Otto and the diffraction grating configurations need high 

nanotechnology to set-up. 
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2.2.2 Basic principle of SPR 

 	
 When the incident light travels through a high refractive index medium-1 

(n1) to a low refractive index medium-2 (n2), a part of incident light will be refracted 

and remained will be reflected. The angel of refracted light can be calculated from the 

Snell’s law:             

  

€ 

n1 sinθ i = n2 sinθ r 	
   	
   	
  	
  	
  	
  	
   	
   	
   (Eq. 2.2) 

 where θi is the angle of incident light and θr is the angle of refracted light. At a 

certain angle of incident light, the light will be refracted along the boundary. This 

angle is called critical angle (θc). When the incident light passes through the angle 

above critical angle, total internal reflection (TIR) occurs, where all light is reflected 

into the high refractive index medium (medium 1) in the Fig. 2.3. There is another 

condition, at Brewster angle, a portion of light transmitted in the low refractive index 

medium. This transmitted light is polarized. 

	
  

Fig. 2.3. Schematic illustration of total internal reflection. Medium 1 is the high 

refractive index medium and medium 2 is the low refractive index medium [15]. 

 

  At the total internal reflection condition, evanescent wave (transmitted wave) is 

generated. In SPR configuration, glass chip covered with a thin film of noble metal 

(Au) is coupled with the prism by using refractive index matching oil. The conduction 
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band electron (Plasmon) of Au film is possible to resonate with the evanescent wave.  

According to the Fresnel theory [16], the interaction between plasmon of Au film and 

the evanescent wave can be explained. The reflection and transmission coefficient for 

wave parallel or perpendicular to the plane of incident light (Fig.2.4) can be expressed  

as; 

	
  

€ 

rII =
tan(θ i −θ t )
tan(θ i +θ t )

	
  (Parallel reflection)     (Eq. 2.3) [16] 

	
   	
   	
   	
  

	
  

€ 

r⊥ = −
sin(θ i −θ t )
sin(θ i +θ t )

	
  (Perpendicular reflection)    (Eq. 2.4)[16] 

 

	
  

€ 

tII =
2sinθ t cosθ i

sin(θ i +θ t )cos(θ i −θ t )
	
  (Parallel transmission)    (Eq. 2.5)[16] 

	
  

€ 

t⊥ =
2sinθ t cosθ i

sin(θ i +θ t )
	
  (Perpendicular transmission)    (Eq. 2.6)[16] 

 The surface plasmon can be exited by the evanescent wave and this 

phenomenon is called surface plasmon resonance (SPR). When the surface plasmon 

wave is resonantly matched to the evanescent wave, the surface plasmon resonance 

occurs and the evanescent wave becomes enhanced. As a result, the intensity of the 

reflected light is decreased sharply. The propagation of the evanescent 

electromagnetic field is confined to the metal-dielectric interface (Fig.2.5). The 

magnitude of the parallel wave vector of the evanescent wave, keva, is expressed as; 

  

€ 

keva =
2π
λ
nprism sinθ 	
   	
   	
   	
   	
   	
   	
   (Eq. 2.7)[11] 

 

 



	
   44	
  

 
Fig. 2.4. Schematic illustration of evanescent wave generation [13].  
 

  
 The magnitude of the wave vector of the surface plasmon (ksp) is related to the 

dielectric constants of the dielectric media and Au-film. For a non-absorbing media, 

the dielectric constant equals the square of the refractive index, ε=n2, where ε is the 

dielectric constant and n is the refractive index. Therefore, ksp is can be determined by 

refractive index of the dielectric media (n2) and the refractive index of Au-film. The 

relationship is as follows: 

	
   	
  

€ 

ksp =
2π
λ

n2
2nAu

2

n2
2 + nAu

2 	
   	
   	
   	
   	
   	
   (Eq. 2.8)[17] 

where n2 is the refractive index nAu is the refractive index of the Au-film. One 

requirement for the SPR is that ksp equals to keva. Thus using Eq. 2.2 and 2.3 gives 

	
  

€ 

θSPR =
1

nprism
sin−1 n2

2nAu
2

n2
2 + nAu

2 	
   	
   	
   	
   	
   (Eq. 2.9)[17] 

 where nprism is the refractive index of prism. The angle required for the 

resonance, θSPR, is related to n2 when nAu is fixed. Adsorption of any chemical species 

onto the SPR sensor changes the refractive index of metal-dielectric interface and the 

resonance angle changes accordingly. Therefore, the changes of θSPR can be used to 

analyze the adsorption-desorption or association-dissociation activities that take 
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places onto the SPR sensor surface. A schematic representation of adsorption of 

chemical species onto Au surface and SPR angle change is represented in Fig. 2.5. 

	
  

Fig. 2.5. A SPR sensor equipped with suitable surface fictionalization as 

biorecognition element (antibody, brown colored Y shaped) as transformed into SPR 

biosensor. Green dot is the analyte [11]. 

 

2.2.3. SPR set-up 

This research mainly used SPR biosensor technique to examine 

immunoreaction. SPR experiments were performed using an SPR analyzer (SPR-670; 

Nippon Laser Electronics, Japan). The instrument employs a Kretschmann-attenuated 

total reflectance (ATR) configuration and incorporates computer controlled two flow 

cells (200 µL each) for independent analysis. A 200 µL injection loop is filled with 

the solutions through an injection valve. The solutions are pumped individually into 

the cells with a syringe pump (Fig. 2.6). 
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A prepared sensor chip (glass chip coated with an Au layer of 50 nm 

thickness) was mounted on the semi-cylindrical prism (refractive index = 1.515) of 

the SPR analyzer using a refractive index-matching fluid  (refractive index = 1.51) to 

decrease the deformation of SPR images. A red light-emitting source (Ni–Cd laser 

beam, λ = 670 nm) reflected light onto the sensor chip at ATR angles, and the 

intensity of reflected light was recorded using a charge-coupled device camera. The 

reflectance angle at which the light intensity is the minimum, called the SPR angle, 

was recorded with respect to time on a personal computer. All the experiments were 

performed in an air-conditioned room (25 ± 1°C). 

 

Figure 2.6.  SPR 670 from Nippon Laser and Electronics-Japan: (a) sensing part, (b)  
         Sensor surface onto prism, (c) diagram of SPR flow system. 
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2.3 UV-visible measurement 

 When incident light interact with metal nanoparticles (e.g., Au, Ag), the 

electromagnetic field of light induces a collective coherent oscillation of the surface 

conduction electrons of the metal nanoparticles in resonance with the frequency of 

light, in a phenomena known as Localized Surface Plasmon Resonance (LSPR). 

LSPR is sensitive to the refractive index change in the local dielectric environment. 

For spherical metal nanoparticles the Mie solution to Maxwell’s equation can be use 

to describe the light absorption caused by LSPR. According to Mie theory, for well 

separated spherical nanoparticles with a radius R, the extinction cross section can be 

expressed as [20]: 

   

€ 

Cext =
24π 2R3Nεm

3 / 2

λ
ε i

(ε r + 2εm )
2 +ε i

2

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 	
   	
   (Eq. 2.10)[20] 

  where εm is the dielectric constant of the surrounding medium, εr and εi are 

the real and imaginary part of the dielectric function of the nanoparticle, respectively. 

N is the number of sphere per unit volume. 

In this study, measurements of the light absorbed by the AuNP suspension 

were carried out using a UV-Vis spectrometer (U-3310 spectrophotometer; Hitachi, 

Japan). The instrument was baselined before accusation to remove any background 

absorbance arising from, for instance, the cuvette or buffer. 

 

2.4 X-ray photoelectron spectroscopy  

 X-ray photoelectron spectroscopy (XPS) relies on photoelectric effect. The XP-

spectra used for obtaining quantitative and qualitative information about the surface 

composition. When X-ray beam strikes to the sample surface with an ultra high 

vacuum condition, the core electron of atoms will absorb energy from X-ray [21]. 
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When the energy of photon (hν) is higher than energy level of the orbital, because of 

the binding energy of the core electron is equal to the ionization energy the 

photoelectron emission will occur.  

 By using the Einstein relationship, the binding energy of the core electron can 

be expressed as following: 

 hν = Eb +Ek +φ          (Eq. 2.11)[21] 

where hν is the energy of X-ray beam. φ is the work function of the sample. Eb is the 

binding energy of core level electron and Ek is the kinetic energy of photoelectron. 

 The XPS peak intensity can be estimated by using the following equation: 

I = S × Ix × Nn × σi × exp [-d/λi cos (θ)]      (Eq. 2.12)[21] 

Here, S = Machine function 

Ix = Intensity of the incident X-ray intensity 

Nn = Number of the specific atom per the certain surface area 

σi = cross-section area of an atom at i-state 

λi = Mean of free path length of certain atom n at i-state 

θ = Take of angle (angle between detector and the sample)  

 

X-ray photoelectron spectra were obtained by using a Rigakudenki model XPS-

7000 X-ray photoelectron spectrophotometer. The source of radiation was Mg Kα, 

and the power of the radiation source was 200 W. The chamber pressure was 

approximately 1.2 × 10-6 torr. The take-off angle was 90°. C1s peak at 285.0 eV was 

used to calibrate the binding energy.  

 

2.5 Preparation of Au substrates 
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  Glass chips (BK7, refractive index = 1.515, 20 mm × 13 mm × 0.7 mm from 

Matsunami Glass Ind., Ltd.) were used as the SPR sensor chips. These chips were 

cleaned with soapy water (10% Contrad 70, Decon Laboratories, Inc.) and acetone in 

an ultrasound bath for 30 min. After this process, the glass chips were rinsed using a 

copious amount of Milli-Q water. Then, the chips were dried using pure nitrogen gas 

(purity > 99.995%), following which light treatment (deep UV, λ = 172 nm) was 

performed to produce a hydrophilic surface. The glass chips were then placed in a 

sputtering system (JEOL, Japan). 50 nm Au film was deposited using the sputtering 

method. Sputtering was performed under 2.0–2.5 Pa. Finally, the prepared gold chip 

was loaded into the SPR instrument immediately after sputtering.  
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Chapter 3 

Mechanism of Surface Plasmon Resonance Sensing by Indirect 

Competitive Inhibition Immunoassay Using Au Nanoparticle 

Labeled Antibody 

 

3.1. Introduction 

     Surface plasmon resonance (SPR) sensor is a signal transducer based on the optical 

method. Because its sensitivity for detection of protein reaches at pg cm-2 order, SPR 

biosensor has been widely investigated in the past decades [1,2]. To date, there are 

many review articles about SPR biosensors for environmental monitoring, 

fundamental biological studies, food safety, and clinical diagnosis [3-10]. However, 

only a few of these biosensors are commercially available [11]. The main challenge in 

the practical use of commercial SPR biosensors is posed by impurities in real 

samples, which interfere with the SPR signal [12]. Therefore, the pretreatment such as 

centrifuge, filtration, precipitation etc is needed for real sample measurement. I here 

consider that the sample dilution is one of approaches to avoid impurity interference. 

However, dilution method requests the extremely high sensitivity that is the lowest 

limit of detection (LOD) of low (sub-nanomolar) concentrations. In the past study, it 

was noticed that the affinity constants of the biochemical reactions on the sensor 

surface determined the sensitivity [13]. Therefore, I investigated sensitivity 

enhancement of the SPR biosensor in the present study. 

     I would like to discuss the LOD determination here. LOD is calculated from the 

calibration curve. The most frequently used format is a direct immunoassay [3]. This 

immunoassay uses an antibody (Ab)-immobilized sensor surface; an analyte is 
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injected and reacts with Ab on the sensor surface. The calibration curve shows the 

linear relation with the analyte concentration (Fig. 3.1 (A)). This format is preferred 

for large molecule detection such as proteins, nucleic acids, bacteria, and viruses 

[6,14]. In case of the detection of small analytes [molecular weight (MW) < 1,000 g 

mol−1], indirect competitive inhibition immunoassay is useful [15-21]. Adrian 

Losoya-Leal et al. [18] reported the indirect competitive inhibition immunoassay for 

the detection of a small analyte amikacin (AK). They fabricated the sensor surface 

using amikacin-BSA conjugate (AK-BSA). AK-BSA conjugate was physically 

immobilized on Au-sensor chip. As the premixed solution of the Ab and the analyte is 

injected onto the sensor surface, SPR monitors the binding event of a high molar mass 

Ab instead of the analyte. Therefore, a high SPR signal change is expected. This 

calibration curve shows the sigmoid curve as shown in Fig. 3.1 (B).   

     Recently, in order to improve the LOD and SPR signal, localized surface plasmon 

resonance (LSPR) detection using Au-nanoparticles (AuNP) has drawn much 

attention by researchers [22-26]. Typically, two strategies are considered for SPR 

signal amplification: (1) sensor surface modification with AuNP and (2) labeling of a 

biorecognition part (such as an Ab) with AuNP. Both strategies use the coupling of 

LSPR and SPR with AuNP for signal and sensitivity improvement. Fig. 3.1 shows the 

calibration curves in the presence or absence of AuNP on the sensor surface. 

Detectable range of instrument is marked in figure. In a direct immunoassay (Fig. 

3.1A), Liu et al. [24] demonstrated the detection of atrazine. They noticed that AuNP 

enhanced the SPR signal, and the LOD at the minimum value of the detectable range 

was improved. On the other hand, the LOD of the calibration curve of indirect 

competitive inhibition using AuNP-modified sensor surface did not change although 

the SPR signal was enhanced (Fig. 3.1B) [22]. Improvement in LOD of an indirect 
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competitive inhibition immunoassay means that the calibration curve needs to be 

shifted toward a lower analyte concentration. This shift is determined by the affinity 

constants of immunoreactions. Therefore, I studied the control method of the affinity 

constants. In this study, I assume that the AuNP labeling to Ab can control the affinity 

constant. It is believed that a large matter label could reduce the mobility of reactant. 

As a result, the affinity constants may be reduced. AuNP labeling of Ab is mainly 

used in sandwich immunoassays. Several researchers have reported the achievement 

of high sensitivities in the nanomolar to femtomolar range [23,27,28]. To date, there 

have been no reports on an indirect competitive inhibition immunoassay using Ab 

modified with AuNP as the signal amplification strategy. 

In this study, I investigated the use of Ab modified with AuNP in an indirect 

competitive inhibition immunoassay for detecting clenbuterol (MW, 277 g mol−1). 

The target analyte, clenbuterol is a member of the  β-agonist family and is a 

problematic material for food safety. Although, commercial test kit can detect 

clenbuterol at a detection level of 25 ppt (25 pg mL-1) in meat samples by enzyme-

linked immunoassay (ELISA) [29], however, this technique is time (>1 h) and reagent 

consuming. Therefore, it is of vital importance to develop a detection process that is 

rapid and cost effective. Recently, we reported an LOD of 2 ppt for detecting 

clenbuterol using an indirect competitive inhibition immunoassay [13]. However, this 

sensitivity is insufficient for the real sample detection in diluted solution. Even worse, 

maximum change (5 mdeg) is too small for the miniaturized SPR instrument. 

Considering a use in paddock to judge the doping agent, the physical condition 

change such as temperature and pressure causes the SPR signal drift of approximately 

10 mdeg. Therefore, I investigated a signal amplification strategy using the Ab 

modified with AuNP in this study. 
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Fig 3.1. Comparison of calibration curves for the AuNP-labeled and unlabeled SPR 

biosensor (A) Direct immunoassay [24] and (B) indirect competitive inhibition 

immunoassay [18,22].  

 

3.2 Preparation of AuNP labeled antibody 

In this study, Abs covalently modified with AuNP (Ab-AuNP conjugate) was 

used for detection in an indirect competitive inhibition immunoassay. The 40-nm size 

of AuNPs was chosen because it provides the best signal amplification factor for the 

SPR sensing system [30]. 

The Ab-AuNP conjugate was prepared according to the literature [31]. pH of 

the colloidal-Au solution (1 mL) was adjusted to 8.5 with 40 µL of 50 mM borate 

buffer (pH 8.5). Then, 10 µL of 1 mM DTSSP in aqueous solution was added to the 

AuNP suspension. After 30 min of mixing at room temperature, the sulfo-N-hydroxy 

succinimidyl (NHS)-terminated AuNP suspension was centrifuged for 5 min at 7000 

×g to separate excess and unreacted DTSSP. AuNP was then resuspended in 2 mM 

borate buffer, and primary Ab (20 µg) was added. In this step, sulfo-NHS-terminated 

AuNP covalently binds to the side chain amino group of Ab. After standing for 90 
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min, the mixture was then centrifuged at 7000 ×g for 5 min. The supernatant was 

discarded. Next, the Ab-AuNP conjugate was resuspended in 2 mM borate buffer 

containing 1% BSA. The processes of resuspension and centrifugation were repeated 

once again to effectively remove excess reagent. The suspension was incubated for 30 

min to allow BSA to block any unreacted sulfo-NHS ester and nonspecific binding 

sites. A small volume of concentrated NaCl (10%) was added to the suspension to 

reach a final concentration of 150 mM. Finally, a PBS + 10% ethanol solution was 

added to achieve the desired concentration. The prepared Ab-AuNP conjugate was 

either used immediately or stored overnight at 4°C. 

 

3.3 Characterization of the Ab-AuNP conjugate 

The Ab-AuNP conjugate solution was red because of light absorption in a 

specific wavelength range (Fig. 3.2). Measurement of the light absorbed by the AuNP 

suspension using a UV-Vis spectrometer (U-3310 spectrophotometer; Hitachi, Japan) 

showed a maximum absorption peak at 525.0 nm before conjugation, whereas the 

absorption peak was shifted to 531 nm for the Ab-AuNP conjugate solution. This shift 

was caused by a change in the local refractive index due to binding of Ab onto the 

sulfo-NHS end. 
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Fig. 3.2.  Adsorption spectra after labeling of Abs with AuNPs.  

  Inset: Color of unlabeled Abs after AuNP labeling. 

3.4.  Fabrication of immunosurface 

Fig. 3.3 illustrates the fabrication process of the immunosurface according to 

the self-assembly method. First, methanol was flowed over the sensor chip as a carrier 

solution. Once a stable baseline was achieved, a 5 mM DSP methanolic solution (200 

µL) was injected onto the Au chip for 40 min at a flow rate of 5 µL min−1. The Au 

surface was covered with a succinimidyl-terminated propenthiol monolayer. 

Clenbuterol (1000 ppm, 200 µL) in PBS solution was then injected onto the surface 

for 40 min. The NHS group was replaced with clenbuterol through an amide coupling 

reaction. Finally, to block unreacted NHS groups, ethanolamine (1000 ppm, 200 µL) 

in PBS solution was flowed over the surface as a blocking agent. The surface 

concentrations of succinimidyl propanethiol, immobilized clenbuterol, and 

ethanolamine were calculated from the observed angle shift as 3.3 ± 1.2 × 10−10 mol 

cm−2, 1.1 ± 0.3 × 10−10 mol cm−2, and 1.8 ± 0.4 × 10−10 mol cm−2, respectively. The 
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reproducibility was confirmed by performing the same experiment five times. 

 

Fig. 3.3. SPR sensogram recorded during the fabrication process of the sensor surface 

(a) Self-assembly process of the succinimidyl-terminated propenthiol (DSP) 

monolayer, (b) immobilization of clenbuterol (Clb) by amide coupling reaction, and 

(c) blocking of the unreacted N-hydroxysuccinimidyl group with ethanolamine. Flow 

rate was 5 µL min−1. 

3.5 Immunoassay format 

When analyte with a low molar mass is detected, the low mass of captured 

analyte could not generate sufficient response in direct immunoassay by SPR.  Thus, 

SPR experiments were carried out using indirect competitive inhibition format. This 
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format utilizes the immunosurface immobilized with analyte instead of antibody (Ab) 

and the mass provided by the binding of primary antibodies. As a consequence, this 

format can produce much greater signal and sensitivity. According to the detection 

principle, a PBS solution containing of Ab-AuNP conjugate with a standard 

concentration was premixed with different concentrations of clenbuterol in PBS 

solution at the incubation process. During this process, a portion of the Ab-AuNP 

conjugate bonded to the clenbuterol in the sample solution. Then the sample solution 

was injected into the clenbuterol-immobilized sensor surface at a flow rate of 100 

µL·min−1. The unbonded Ab-AuNP in the premixed solution will binds to the 

clenbuterol of the sensor surface, which is called primary immunoreaction. After the 

primary immunoreaction, the sensor surface was regenerated using 0.1 M NaOH 

solution. Therefore, the same sensor surface was used for the detection. 

 

3.6 Results and Discussion 

3.6.1. Immunoassay using the Ab-AuNP conjugate 

Clenbuterol detection was performed using an indirect competitive inhibition 

immunoassay and Ab-AuNP conjugate. Fig. 3.4 shows the SPR sensogram recorded 

during immunosensing detection of the Ab-AuNP conjugate (1 ppm) for 0 to 1 ppb (1 

ng mL−1) of clenbuterol. Because of the refractivity difference between the running 

buffer (PBS) and sample solution, the SPR signal abruptly decreased after sample 

solution injection. For the calibration curve (Fig. 3.5), the angle shifts were calculated 

from the difference in the SPR signal before and after sample injection (from t = 150 s 

to t = 450 s). As shown in Fig. 3.4 (inset), the signal slightly decreased until 

regeneration solution injection because of the desorption of nonspecifically adsorbed 

Ab-AuNP conjugate from the sensor surface. The amount of nonspecifically adsorbed  



	
   59	
  

 

 

Fig. 3.4 SPR sensogram of the immunoreactions with clenbuterol and Ab-

AuNP conjugate premixed solutions were comprised 1 ppm Ab-AuNP conjugate and 

the clenbuterol standard solutions [(A) 0 ppt clenbuterol and (B) 0.01 ppt, (C) 0.1 ppt 

and (D) 1 ppt clenbuterol]. Inset figure shows the full time-course measurement.  

Regeneration solution was 0.1 M NaOH. The flow rate of the carrier solution was 100 

µL min−1. 

Ab-AuNP conjugate was estimated to be approximately 12.6 ± 4.0%. In 

support of this view, there is a recent report suggesting that the orientation of Ab 

molecules on the nanoparticle surface is not uniform [32]. For example, one set of 

Abs that is outwardly oriented on the AuNP surface has a high affinity for capturing 

analytes onto the sensor surface. Another set of Abs may be immobilized onto the 

AuNP surface with less affinity for antigen binding. Because the immobilized analyte 

is much smaller than Ab-AuNP, some conjugates may be deposited on the sensor 
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surface without strongly binding to the sensor surface because of the orientation of the 

Ab molecule on the nanoparticle surface. Therefore, the unbound or loosely bound 

conjugates are desorbed from the sensor surface when the running solution is 

switched from the sample solution to PBS. 

 It was also found that a regeneration solution of 0.1 M NaOH removed all 

Ab-AuNP conjugates from the sensor surface. The sensor surface could be used 

again, as illustrated in Fig. 3.4 (inset). The surface is robust because the sensor 

surface architecture consists of covalent bonds (S-Au, S-S, and NHCO).  

A typical sigmoidal-type calibration curve of the indirect competitive 

inhibition immunoassay was obtained and is shown in Fig. 3.5. Because the amount 

of free Ab-AuNP conjugate decreased with increasing clenbuterol concentration, the 

angle shifts also decreased with increasing clenbuterol concentration. The highest 

angle shift (14.8 mdeg) was observed in the absence of clenbuterol because the free 

Ab-AuNP concentration was at the maximum. The angle shift was approximately 3-

fold higher than that of unlabeled Ab (5 mdeg). The signal enhancement was caused 

by dielectric constant difference between unlabeled Ab and the Ab-AuNP conjugate. 

The LOD has been typically defined at 85% of the maximum angle shift 

[13,15,22]. LOD of the immunoassay for the detection of clenbuterol was determined 

to be 0.05 ppt (0.05 pg mL−1) using the Ab-AuNP conjugate. In contrast, LOD was 

only 2 ppt (2 pg mL−1) for the unlabeled Ab, which was approximately 40 times 

higher than that of the Ab-AuNP conjugate. To the best of my knowledge, such 

extremely high sensitivity has not been reported for the detection of clenbuterol 

[ELISA: 100–25 pg mL−1 [28,33]; amperometry: 1.3 pg mL−1 [34]; fluorescence 

spectroscopy: 0.12 µg L−1 [35]; SPR: 2.0 µg L−1 [36]; spectral imaging SPR: 6.7–4.5 

µg mL−1 [37]. Sensitivity enhancement can be explained by evaluation of affinity 
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constants of immunoreactions of the indirect competitive inhibition immunoassay. 

The detailed mechanism will be discussed in the next section. 

 

Fig. 3.5. Calibration curves for the detection of clenbuterol using unlabeled 

Ab and Ab-AuNP conjugate. 

 

3.6.2. Evaluation of affinity constants 

It is known that AuNP causes LSPR signal amplification. Because LSPR 

signal amplification complicates the estimation of an accurate reactant amount, no 

one has evaluated the affinity constant. However, our system does not cause the LSPR 

effect. Because the maximum surface concentration of AuNPs is very low (distance 

between particles is a sub-micrometer order), the electromagnetic wave coupling 

cannot be occurred. Therefore, I construct here the estimation of affinity constants of 

an indirect competitive inhibition immunoassay from the basic Langmuir adsorption 

isotherm. 
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The angle shift is a result of biomolecular interactions during the capture of 

the Ab-AuNP conjugate by the analyte immobilized on the sensor surface. In the 

indirect competitive inhibition immunoassay, Ab-AuNP conjugate solution is 

premixed with clenbuterol solution; the Ab-AuNP conjugate reacts with clenbuterol 

immobilized on the sensor surface (Ss) and clenbuterol in the premixed solution (Clb). 

Immunoreaction on the sensor surface can be denoted as follows: 

      Ab-AuNP + Ss ⇌ Ab-AuNP-Ss                                                 (1)                             

Immunoreaction in the premixed solution can be expressed as: 

                  Ab-AuNP + Clb ⇌ Ab-AuNP-Clb                                   (2) 

The affinity constants for the surface immunoreaction and immunoreaction in the 

premixed solution were defined as K1 and K2, respectively. 

                                                (3)                       

                                               (4) 

where [Ab-AuNP] and [Ab-AuNP-Clb] in Eq. (3) and (4) indicates molar 

concentration (mol L-1) of the Ab-AuNP conjugate solution and Ab-AuNP conjugate 

complex with clenbuterol in the premixed solution, respectively. [Clb] is the molar 

concentration of clenbuterol in the premixed solution. [Ab-AuNP-Ss] and [Ss] denotes 

the surface concentration [ng cm-2] of Ab-AuNP conjugate reacted with the 

clenbuterol and that of free clenbuterol on the sensor surface, respectively. The 

surface immunoreaction of the Ab-AuNP conjugate with the sensor surface is 

modeled by the Langmuir adsorption isotherm. The Langmuir adsorption isotherm for 

SPR immunosensing is written as follows:                                                                                                                                                      

                  

€ 

1
Δθ Ab−AuNP

=
1

ΔθAb−AuNP ,max
+

1
K1[Ab − AuNP]ΔθAb−AuNP ,max

      (5) 
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Here, ΔθAb-AuNP is the total angle shift for the standard concentration (2.6 × 10-14 M–

2.6 × 10-12 M) of the Ab-AuNP conjugate and ΔθAb-AuNP,max is the SPR angle shift 

when the maximum amount of the Ab-AuNP conjugate is bonded to the reaction site 

on the sensor surface. It is assumed that the SPR angle is proportional to the amount 

of Ab-AuNP captured onto the adsorption site (immobilized clenbuterol), and it is 

thought that the reacted amount could not be estimated by dielectric constant change 

of Ab-AuNP conjugate. Hence, the signal amplification magnitude is defined as “A”. 

It is assumed that A is always the same (constant) under our experimental conditions. 

It is reasonable to wonder whether this assumption is true. ΔθAb-AuNP,max is definitely 

overestimated because of dielectric constant change. Thus, the true maximum 

concentration must be lower than 1549 µm2/Ab-AuNP estimated from ΔθAb-AuNP,max 

(108 mdeg).  Therefore, it is reasonable to assume that “A” is always constant. Hence, 

Eq. (5) can be rewritten as follows:  

            

€ 

1
AΔθ Ab−AuNP

=
1

AΔθAb−AuNP ,max
+

1
K1[Ab − AuNP]AΔθAb−AuNP ,max

      (6) 

All the “A” terms can be canceled out in this equation. Therefore, it can be concluded 

that the dielectric constant change did not affect the determination of K1. Hence, K1 

was estimated to be 3.0 × 1011 M−1. 

For the estimation of K2 with “A,” the following equation [13] can be used  

€ 

1
AΔθ

=
1

AΔθ1ppm,Ab−AuNP
+

αK2[Clb]0
K1[Ab − AuNP]total AΔθAb−AuNP ,max

           (7) 

where [Ab-AuNP]total denotes the total concentration (1 ppm) of Ab-AuNP conjugate. 

[Clb]0 is the initial concentration of clenbuterol. Considering the reaction time of the 

immunoreaction in the premixed solution, the concentration of clenbuterol is [Clb] = 

[Clb]0 e-kt. In the Eq. (7), α = e-kt, where k is the reaction rate and t is the reaction time 

of the immunoreaction in premixed solution. Because “A” can also be canceled in this 
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equation, it is concluded that the dielectric constant change does not affect on αK2 as 

well as K1. αK2 was calculated to be 2.9 × 1012 M−1 from the slope.  K1 and αK2 of 

unlabeled Ab were estimated to be 4.8 × 108 M−1 and 1.0 × 108 M−1, respectively (Fig. 

3.6). Notably, K1 and αK2 of the Ab-AuNP conjugate were three and four orders of 

magnitude higher than those of unlabeled Ab, respectively. These differences in 

affinity constants can be easily explained by the molar concentration calculations of 

Eq. (3) and Eq. (4). The molecular mass of unlabeled Ab (MW 46.5 kg mol−1) is four 

orders of magnitude lower than that of the Ab-AuNP conjugate (MW 390,000 kg 

mol−1).  

 

Fig. 3.6 Determination of the affinity constants (A) K1 and (B) αK2 of the indirect 

competitive inhibition immunoassay. The maximum angle shift, ΔθAb-AuNP,max= 108.0 

mdeg and Δθ1ppm,Ab-AuNP,max = 14.8 mdeg. 

 

In the premixed solution containing 1 ppm Ab or Ab-AuNP conjugate, the molar 

concentration of Ab-AuNP was four orders of magnitude lower than that of unlabeled 

Ab. Because [Ab-AuNP] was in the denominators of Eq. (3) and Eq. (4), the affinity 

constants became high. Size comparison revealed that [Ab-AuNP-Ss] is one order 
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smaller than [Ab-Ss]. Thus, the K1 and αK2 values of the Ab-AuNP conjugate were 

three and four orders of magnitude higher than those of unlabeled Ab, respectively.  

Aiming to identify the determining factor of LOD, simulations were 

constructed. To compare the calibration curves, the SPR signals (Δθ) were normalized 

to the percentage of the maximum angle shift (Δθ1 ppm, Ab-AuNP) obtained in the absence 

of an analyte. The following equation can be derived from Eq. (7):        

            

€ 

Δθ
Δθ1ppm,Ab−AuNP

= 1+
αK2[Clb]0Δθ1ppm,Ab−AuNP

K1[Ab − AuNP]totalΔθAb−AuNP

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

−1

                   (8) 

The simulations of Δθ/Δθ1ppm,Ab-AuNP were plotted as functions of K1 and αK2, as 

illustrated in Fig. 3.7. The experimental results show good agreement with the 

theoretical curve (3.0 × 1011 M−1 and 2.9 × 1012 M−1 for K1 and αK2, respectively).  

It was found that LOD shifted toward higher concentrations at higher K1 

values. In contrast, LOD shifted toward lower concentrations at higher αK2 values. 

Thus, it was concluded that the balance of K1 and αK2 determines LOD of the indirect 

competitive inhibition immunoassay. To support this conclusion, The LOD simulation 

is constructed. The LOD is defined as the concentration of clenbuterol [Clb]0 in the 

premixed solution that produces an SPR angle shift of 85% of Δθ/Δθ1ppm,Ab-AuNP. In 

other words, the [Clb]0 at 85% is the LOD. The equation to determine the LOD can be 

written as follows: 

€ 

Δθ
Δθ1ppm,Ab−AuNP

=
85
100

= 1+
αK2 LODΔθ1ppm,Ab−AuNP

K1[Ab − AuNP]totalΔθAb−AuNP ,max

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

−1

    (9) 

In the inverse form, it can be written as follows: 

             

€ 

100
85

=1+
αK2 LODΔθ1ppm,Ab−AuNP

K1[Ab − AuNP]totalΔθAb−AuNP ,max

                 (10)   

             

€ 

15
85

=
αK2 LODΔθ1ppm,Ab−AuNP

K1[Ab − AuNP]totalΔθAb−AuNP ,max

                                       (11) 
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This equation can be rearranged as follows: 

 

€ 

LOD =
15K1[Ab − AuNP]totalΔθAb−AuNP ,max

85αK2Δθ1ppm,Ab−AuNP
                                     (12)        

 

 

Fig. 3.7. Simulated calibration curves: Ab-AuNP conjugate in the indirect competitive 

inhibition immunoassay. Filled triangles are experimental data for Ab-AuNP. The 

simulation curves are calculated using Eq. (7), assuming (A) αK2= 2.9 × 1012 M−1 and 

(B) K1= 3.0 × 1011M−1. 

 

LOD is plotted according to Eq. (12) with respect to K1 and αK2 in Fig. 3.8. 

The plot clearly shows that higher values of K1 and lower values of αK2 lead to higher 

values of LOD. Because this is a rising diagonal slope from the bottom left to top 

right, the same LOD could be obtained from the same order of K1 and αK2. To 

achieve LOD at the ppt (pg mL−1) level, αK2 must be one order of magnitude higher 

than K1.  
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Fig. 3.8. Simulation of LOD based on Eq. (8) with respect to K1 and αK2 

LOD is calculated from Eq. (9), 

€ 

LOD =
15K1[Ab − AuNP]totalΔθAb−AuNP ,max

85αK2Δθ1ppm,Ab−AuNP
. 

 

In summary, Ab labeled with AuNP in an indirect competitive inhibition 

immunoassay was examined with the aim to enhance the SPR signal change and the 

sensitivity. LOD of the immunoassay for the detection of clenbuterol was determined 

to be 0.05 ppt (0.05 pg mL−1) using the primary Ab-AuNP conjugate. In contrast, 

LOD was only 2 ppt (2 pg mL−1) for the unlabeled primary Ab, which was 

approximately 40 times higher than that of the Ab-AuNP conjugate. LOD is 

influenced by the balance between K1 and αK2. In particular, LOD achieved for αK2 

was one order of magnitude higher than that achieved for K1. I proposed that LOD 
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can be adjusted to a required level because the affinity constants (K1 and αK2) are 

determined by the molar concentrations of the reactant and sensor surface (Δθ and 

Δθ0). 

 

3. 7. Summary 

This study aimed to develop a method for highly sensitive detection of 

clenbuterol. To achieve this goal, AuNP was used as label for antibody in an indirect 

competitive inhibition immunoassay. A sensitivity of 0.05 ppt (0.05 pg mL−1) was 

achieved, which was the highest among the past reports using SPR, ELISA, 

amperometry and fluorescence spectroscopy. The sensitivity mechanism was 

elucidated by evaluation of affinity constants, which showed that dielectric constant 

change due to labeling did not affect the affinity constants (K1 and αK2) because the 

dielectric constant magnitude terms cancel out in the Langmuir adsorption equation. 

Therefore, the Langmuir adsorption isotherm for SPR sensing could be used for the 

calculation of K1 and αK2, which were estimated to be 3.0 × 1011 M−1 and 2.9 × 1012 

M−1, respectively. The affinity constants were three and four orders of magnitude, 

respectively, higher than those of unlabeled Ab. The enhancement of the affinity 

constants was caused by the molar concentration difference between the Ab-AuNP 

conjugates and unlabeled Ab in 1 ppm (1 µg mL−1) of premixed solution. Thus, I 

concluded that sensitivity enchantment is caused by molar concentration difference. 

To understand the mechanism underlying changes in LOD, simulation was 

performed. I found that the requirement of LOD at the ppt (pg mL−1) level is that αK2 

must be one order of magnitude higher than K1. The results showed that LOD could 

be adjusted to a required level because the affinity constants can be adjusted by 

changing the molar masses of the reactant (Ab).  
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Chapter 4 

Strategy of Signal Amplification and Sensitivity Enhancement 

 

4.1 Introduction 

Immunoassay is an analytical technique based on the specific interaction 

between antibodies and their cognate antigen (analyte). Immunoassays are widely 

used for analyte analysis in different methods such as enzyme-linked immunosorbent 

assay (ELISA) [1,2], chemiluminescence [3-5], flurescence [6], 

electrochemiluminescence [7], and electrochemical methods (such as amperometric, 

potentiometric, impedimetric and capacitometric) [8-11]. The advantages of these 

methods are mainly their specificity and sensitivity with ngmL-1 [12,13]. However, 

these methods suffered with a number of significant drawbacks like labeling of 

antigen or antibody, long incubation period (≥2-6 h), signal-off tendency, extensive 

sample handling and need trained personnel. Although, immunocromatographic assay 

possess some advantages in terms of user friendly, rapid and low cost; however, the 

major limitations are pretreatment of sample is required and low signal intensity 

[12,14].  Despite some advantages, the use of quartz crystal microbalance (QCM) 

biosensor for the determination of low level of analyte is still encumbered by its low 

intrinsic sensitivity [12,15]. On the other hand, surface plasmon resonance (SPR) 

biosensor has inherent advantages such as label-free detection, high sensitivity, 

reusability, quick analysis, small amount of sample, real-time monitoring and thus 

affinity constants of immunoreaction, etc. [16]. Therefore, SPR biosensor is 

considered as an important analytical tool in the field of environmental monitoring, 
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clinical and medical diagnosis, food safety, homeland security and agriculture 

monitoring by academic and industrial scientists [17-20]. 

Depending on SPR response to binding of an analyte to a surface, an analyte 

can be detected with a direct, sandwich or indirect competitive inhibition competitive 

immunoassay [17,21,22]. Typically, sandwich (Antibody-analyte-antibody) 

immunoassay is widely used for analysis of medium and large molecular weight 

analytes such as DNA, proteins, peptides and nucleic acids [12,23,24]. This 

immunoassay gives the highest level of sensitivity and specificity because of the use 

of a couple of match antibodies. However, sandwich immunoassay suffers from 

fundamental limitations that the molecule to be measured must have large enough to 

have two distinct epitopes to be bounded. To overcome this defect, indirect 

competitive inhibition immunoassay received increased attention for the detection of 

small molecule by researchers. Based on the inhibition principle, analyte is 

immobilized onto sensor surface. After that, the sensor surface is exposed to a 

solution of analyte mixed with a specific antibody (Ab), and SPR monitors the 

immunoreaction of high molecular weight unbound Ab to the sensor surface. 

Therefore, a high signal and a pronounced sensitivity are expected.  

Indirect competitive inhibition immunoassay based on SPR biosensor has 

been reported for the detection of small molecule [22, 25-33]. For instance, Suherman 

et al. [31] reported the detection of β-agonists using primary immunoreaction. 

Although they achieved a ppt level limit of detection, however the signal change was 

significantly low. One of the key factors for success of an immunoassay especially for 

the detection of small molecule is the signal amplification. Because noise sources 

such as temperature and pressure variations and variations in the composition of the 

bulk liquid may result in signal drift approximately 10 mdeg. This phenomenon limits 
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the practically achievable detection limit [34]. From the standpoint of signal 

amplification, Kawaguchi et al. [27] developed indirect competitive inhibition 

immunoassay by modifying immunosurface with Au-nanoparticle (AuNP) for the 

detection of TNT. They reported 4-times higher signal amplification compared to the 

unmodified sensor surface, however the limit of detection (LOD) was comparable. In 

the previous chapter, I labeled anti-clenbuterol Ab with AuNP and used in the 

detection of clenbuterol (Clb, MW 277 g mol-1), a small analyte. Even though, I 

developed a fast (< 5 min) detection process with a high sensitivity of 0.05 ppt (50 

ppq), the highest signal change was 13.4 mdeg [35]. This signal change is not 

sufficient in terms of signal drift effect for the practical application. It has therefore 

been a significant challenge to simultaneously achieve both highly sensitive (a high 

signal and a low LOD) and raid immunoassays of small molecules. 

A conventional amplification using secondary Ab (Ab2) labeled with large 

particle such as AuNP, quantum dots and latex particle used to apply the sandwich 

immunoassay [12,24,36]. Due to their high mass, high dielectric constant and 

electromagnetic coupling between AuNP and Au film, AuNP labeled Ab2 have been 

widely used in a variety of works [12,24,37,38]. 

In this study, I proposed secondary immunoreaction using secondary Ab 

labeled with AuNP (Ab2-AuNP) in indirect competitive inhibition immunoassay for 

the detection of clenbuterol for the first time. I prepared the sensor surface using self-

assembly method, since it is well known that this method dramatically promoted the 

stability of the sensor surface. However, the orientation of recognition molecule onto 

sensor surface affects the immunoreaction. Consequently, the affinity constant is 

changed, which control the overall sensitivity of the indirect competitive inhibition 

immunoassay. In the past study, it was reported that lay-down structure produced a 
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low affinity constant and high sensitivity using primary immunoreaction [32]. Thus, it 

is logical to assume that the orientation of recognition molecule onto sensor surface 

might affect the secondary immunoreaction. Therefore, I compared the sensing 

performance using the low affinity and the high affinity sensor surface aiming to 

investigate the effect of sensor surface structure on the secondary immunoreaction. 

Furthermore, the affinity constants of secondary immunoreaction were evaluated and 

compared for secondary Ab2 or Ab2-AuNP conjugate for the first time.  

 

4.2 Fabrication of immunosurface 

SPR sensograms of the immunosurface fabrication process were illustrated 

in Fig. 4.1. In order to fabricate the low and high affinity sensor surfaces, 0.1 mM and 

5 mM DSP of methanolic solutions were injected, respectively. The flow rate was 5 

µL min−1 and the loop volume was 200 µL. In this step, disulfide bond of DSP was 

cleaved and succinimidyl-terminated propenthiol monolayer was formed onto the 

sensor chip. After 40-min period of injection, the running solution was changed from 

methanol to phosphate buffered saline (PBS). The SPR response initially decreased 

and finally increased due to dielectric constant difference of PBS. Once SPR response 

becomes stable, a 1,000-ppm clenbuterol in PBS solution was injected. Clenbuterol 

replaced the succinimidyl group and immobilized by amide coupling reaction. Upon 

the binding of clenbuterol to the sensor surface, the SPR angle was shifted to the 

higher angle and stayed constant while the solution passed over the surface. The 

refractive index in the vicinity of the sensor surface was higher due to binding of 

clenbuterol on the surface as well as passing the clenbuterol solution through the 

surface. After that the resonance angle decreased due to a decrease in the bulk 
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refractive index in the vicinity of the sensor chip by replacing the clenbuterol solution 

with the PBS running solution. 

 

Fig.4.1. SPR sensograms represents the sensor surface fabrication process 

(a) low affinity sensor surface. (b) High affinity sensor surface. (1) Methanol running 

solution; (2) Injection of DSP in methanolic solution (0.1 and 5 mM DSP corresponds 

to low and high affinity sensor surface, respectively; (3) PBS buffer running solution 

start; (4) 1000 ppm clenbuterol in PBS solution injection; (5) PBS buffer running 

solution start; (6) 1000 ppm ethanolamine in PBS solution injection and (7) PBS 

buffer running solution. 

 

The difference in SPR angles before the immobilization and after the final 

PBS wash corresponds to the amount of immobilized analyte. The maximum SPR 

angle shift obtained for covalent immobilization of clenbuterol on the succinimidyl 

terminated propenthiol monolayer was 21.8 (±2.3) mdeg for 5 mM DSP, and it 

corresponds to 7.87 (±0.83)× 10-11 mol cm-2. In contrast, the surface concentration of 

clenbuterol was calculated to 3.80 (±0.60)× 10-11 mol cm-2 (10.5 ± 1.7 mdeg) for 0.1 

mM DSP prepared sensor surface. According to [40], the amount of immobilized 
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receptor should keep as low as possible to avoid mass transport limitations. The 

recommended range for the surface concentration of immobilized receptor is 5-20 × 

10-11 mol cm-2 [40]. By taking into consideration of receptor concentration, the 

febricated sensor surface avoids mass transport limitations. Finally, ethanolamine 

(1000 ppm) in PBS solution was flowed over the surface as a blocking agent in order 

to block unreacted N-hydroxy succinimide groups. The SPR angle shifts were 

estimated to 8.34 (±0.5) mdeg and 9.72 (±2.1) mdeg and the surface concentrations of 

ethanolamine were estimated to 1.36 (± 0.008) × 10-10 mol cm-2 and 1.59 (±0.034) × 

10-10 mol cm-2 for 0.1 and 5 mM DSP, respectively. The binding of ethanolamine 

reduces the non-specific adsorption of primary and secondary antibodies introduce in 

the detection process. 

 

4.3 Immunoassay  

Aiming to develop the sensing performance of indirect competitive inhibition 

immunoassay, secondary immunoreaction was carried out. In this step, after primary 

immunoreaction, a standard concentration of secondary Ab (Ab2) or Ab2-AuNP (40 

nm) conjugate solution was injected. The Ab2 or Ab2-AuNP conjugate will binds with 

the primary Ab (Ab1) onto the sensor surface. I confirmed the reproducibility by using 

3 different sensor chip (n=3) and the plots were constructed with the average data. 

 

4.4. Results and discussion 

4.4.1 Clenbuterol detection by using secondary immunoreaction 

The proposed secondary immunoreaction in indirect competitive inhibition 

immunoassay for the detection of clenbuterol was recorded and presented in Fig. 4.2. 

Fig 4.2(a) and (b) represents the sonsogram for the low and high affinity sensor 
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surface, respectively. As seen from the sensogram, the running solution (PBS+10% 

ethanol) was flowed onto the sensor surface. After achieved a stable base line, the 

premixed solution without clenbuterol was injected at 160 s. The SPR response was 

initially decreased due to the difference of dielectric constant of running solution and 

the premixed solution. After 2 min injection of premixed solution with a flow rate 100 

µL min-1 (loop volume 200 µL), the SPR response was increased. The same 

phenomena were observed from the both sansograms. Furthermore, the SPR response 

indicated the slow primary immunoreaction. It was assumed that the low 

concentration of primary Ab and short incubation time are possible reasons for the 

slow binding.  

  

 

Fig.4.2. Sensogram showing affinity binding of Ab1 and subsequent binding of Ab2 

and Ab2-AuNP (40 nm) onto sensor surface; (a) low affinity sensor surface, (b) high 

affinity sensor surface. 
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The SPR angle shift (Δθ) was evaluated from the difference of signal change 

before and after the injection of premixed solution. The changes in angle shifts for 

primary immunoreaction were calculated to 3.7 mdeg and 5.4 mdeg for the low 

affinity and the high affinity sensor surface (Fig. 4.2 (a) and (b)), respectively. The 

corresponding surface concentrations of primary Ab were estimated to 8.2 × 10-14 mol 

cm-2 and 11.6 × 10-14 mol cm-2, respectively. This result indicated that high affinity 

sensor surface could bind with more number of primary Ab, although the 

concentration of primary Ab was the same in the premixed solution. 

 In order to compare the affinity binding of secondary Ab onto primary Ab, 

Ab2 was diluted with PBS+10% ethanol and adjusted its concentration to 1- ppm. 

After the primary immunoreaction the sensor surface was washed with the running 

solution (PBS+10%) for 200 s. Subsequently, Ab2 was injected at 500 s and flowed 

over the sensor surface with already captured primary Ab for 120 min with the same 

flow rate as was for primary immunoreaction. As the immuno reaction goes on, the 

SPR response was increased and a stable line was observed at 620 s in the sensogram 

(Fig 4.2.). The SPR angle shift (Δθ) of the high affinity sensor surface (12.8 mdeg) 

was higher than that of the low affinity sensor surface (7.7 mdeg). Therefore, it was 

concluded that the secondary immunoreactions improved the SPR signal by 2-times 

compared to the primary immunoraection for the both sensor surfaces. 

 After the secondary immunoreaction, the sensor surface was regenerated by 

using 0.1 M NaOH for 2 min. This regeneration solution could remove all the primary 

Ab-Ab2 pairs from the sensor surface and the SPR response returned to the base line 

(Fig.4.2). This result indicated that the sensor surface is stable. Subsequently, 

different concentrations of clenbuterol containing premixed solution were injected. 
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From the sensogram, it can be seen that one detection cycle takes only 360 s 

(including the regeneration step). 

Aiming to maximize the enhancement of SPR response for the detection of 

clenbuterol, Ab2-AuNP conjugate with diameter 40 nm was used. The 40-nm size of 

AuNPs was chosen because it provides the highest SPR signal amplification [41]. It 

was already demonstrated that the use of Ab2-AuNP conjugate can amplify the SPR 

signal by (1) changing the refractive index at the metal-dielectric interface, (2) the 

electromagnetic coupling between localized surface plasmon resonance (LSPR) of 

nanoparticle and propagating plasmon field of the sensor surface [42]. In our system, 

it is difficult to measure the coupling effect; therefore, the signal enhancement was a 

result for the dielectric constant change. The enhanced secondary immunoreactions 

were represented in Fig.4.2. As shown in Fig. 4.2 (a) and (b), the SPR signal was 

significantly improved and the calculated SPR angle shifts were 24.4 mdeg and 55.5 

mdeg for the low affinity and high affinity sensor surface, respectively. This result 

indicated that the high affinity sensor surface amplify SPR signal by 2.1-fold 

compared to the low affinity sensor surface. In comparison with the primary 

immunoreaction, the enhancement factor was 5.8 and 8.9 for the low affinity and high 

affinity sensor surface, respectively.  

To evaluate the limit of detection (LOD) of the detection process, 

calibration plots were constructed as a function of analyte concentration. Fig. 4.3(a) 

and (b) shows the calibration plot for the low affinity and the high affinity sensor 

surface. It should be noted that each figure compares calibration plot for different 

immunoreaction.  A similar decreasing trend with the increase of clenbuterol 

concentration in premixed solution and the corresponding SPR signal for primary and 

secondary immunoreaction were observed in the both Fig.4.3 (a) and (b). At the 
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sensor interface, the primary Ab in premixed solution competes with the clenbuterol 

in solution and immobilized clenbuterol on the sensor surface. Therefore, with the 

increase of clenbuterol concentration in premixed solution, the surface concentration 

of primary Ab was decreased due to the inhibition effect.  

 

Fig. 4.3. Comparison of calibration plots obtained from primary and secondary 

immunoreaction. (a) a low affinity and (b) a high affinity sensor surface. 

 

The angle shift for each detection cycle for secondary immunoreaction (unlabeled) 

was plotted against the surface concentration of primary Ab, as shown in Fig 4.4. The 

obtained slopes from the linear lines are 1.0 × 10-14 mdeg/ mol cm-2 and 1.3 × 10-14 

mdeg/ mol cm-2 for low affinity and high affinity sensor surface, respectively. By 

comparing the slope value, high affinity sensor surface produced 1.3 times higher 

sensitivity than low affinity sensor surface. 

The lowest and highest limit of detection was considered at 85% and 15% 

of inhibition from Fig.4.3, respectively [10,39] and summarized in Table.4.1. The 

estimated results shows that the high sensitivity with a magnitude of 7 ppq was 

obtained by using AuNP enhanced secondary immunoreaction for high affinity sensor 
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surface. It should be noted that the sensitivity of the Ab2-AuNP was significantly 

better comparing to the unlabeled Ab2. Therefore, it was concluded that the high 

affinity sensor surface is better than the low affinity sensor surface for the secondary 

immunoreaction. Compared to the recent reports represented in Table 4.2, this study 

shows the highest sensitivity for the detection of clenbuterol using indirect 

competitive inhibition immunoassay by SPR biosensor.  

 

 

 

Fig. 4.4. Relationship between SPR responses for secondary immunoreaction 

as a function of amount of primary antibody onto sensor surface. (a) a low 

affinity sensor surface; (b) a high affinity sensor surface . 

 

 

Table. 4.1: The lowest and highest detection limit of the secondary immunoassay. 
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Table. 4.2: Comparison of features for the detection of clenbuterol using indirect 

competitive inhibition immunoassay with others reports. 

 

4.4.2 Evaluation of affinity constant 

While there was no previous report on the affinity constant determination for 

secondary immunoreaction in indirect competitive inhibition immunoassay, the well-

established Langmuir isotherm is modified. In secondary immunoreaction, the 

formation of Ab1-Ab2 complex onto the sensor surface followed by two steps: (1) 

unreacted antibody in premixed solution reacts with the clenbuterol immobilized on 

the sensor surface through primary immureaction, and (2) injected Ab2 binds with the 

reacted Ab1 onto sensor surface by secondary immunoreaction. The secondary 

immunoreaction can be expressed as follows; 

          Ab2 + Ab1, ss ⇌ Ab2-Ab1,ss                    (1) 

Here K3 is the affinity constant for secondary immunoreaction, can be 

represent as: 
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€ 

K3 =
[Ab2 − Ab1,ss]
[Ab2][Ab1,ss]

    (2) 

where [Ab2] is the molar concentration of Ab2, expressed in mol L-1. In 

contrast, 

€ 

Ab1,ss represents the amount of primary Ab on the sensor surface after 

primary immunoreaction, can be calculate from the SPR angle shift using the 

relationship, 1 mdeg = 1ng cm-2. Assuming that unreacted 

€ 

Ab1,ss  = 

€ 

[Ab1,ss]0 -

€ 

[Ab2 − Ab1,ss], Eq (2) can be written as: 

€ 

K3 =
[Ab2 − Ab1,ss]

[Ab2]([Ab1,ss]0 − [Ab2 − Ab1,ss])
  (3) 

The following equation can be derived by rearranging Eq. (3). 

€ 

[Ab2]0
[Ab2 − Ab1,ss]

=
1

K3[Ab1,ss]0
+
[Ab2]0
[Ab1,ss]

  (4) 

In the secondary immunoreaction, standard concentration of primary Ab was 

premixed with different concentration of clenbuterol and then flowed over sensor 

surface. After that standard concentration of Ab2 was injected. As different 

concentration of clenbuterol will bind with the fixed concentration of Ab1 in the pre-

mix step, consequently, 

€ 

[Ab1,ss]  will be changed. When 

€ 

[Ab2]0
[Ab2 − Ab1,ss]

 is plotted 

against

€ 

1
[Ab1,ss]0

, a linear relationship can be obtained and the K3 can be evaluated 

from the slope. Based on the Eq. (4), the affinity constants for Ab2 were calculated to 

1.3 × 10-8 M-1 and 1.8 × 10-8 M-1 for the low affinity and the high affinity sensor 

surface, respectively and presented in Fig.4.5. When Ab2-AuNP conjugate was used, 

the affinity constants were estimated to 2.1 × 10-8 M-1 and 3.9 × 10-8 M-1 for the low 

affinity and high affinity sensor surfaces, respectively. This result suggested that the 

higher affinity constant in the secondary immunoraection was obtained for the high 

affinity sensor surface compared to the low affinity sensor surface. As the sensor 
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surface is clenbuterol immobilized, it was in laying–down structure onto sensor 

surface for the low affinity sensor surface [32]. Therefore, it was assumed that the 

primary Ab was recognized the clenbuterol in a laying-down orientation. The Ab2 in 

the secondary immunoreaction recognizes the tail (Fc part) of the primary Ab. 

Thereby, sufficient binding sites could not provided by the primary Ab onto low 

affinity sensor surface to the solution phase to interact with the Ab2. On the other 

hand, the tail of the primary Ab was pointing away from the sensor surface during 

primary immunoraection for the high affinity sensor surface, which favored the 

subsequent secondary immunoreaction.  
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4.5. Affinity constants of secondary immunoreaction calculated using Eq. (4); (a) and 

(b) for unlabeled Ab2 and (c) and (d) for labeled Ab2 of low affinity and high affinity 

sensor surface, respectively.  

 

Aiming to support this prediction, XPS study of the sensor surface was carried 

out after immunoreactions and presented in Fig.4.6.  

 

Fig. 4.6. XPS study of sensor surface after primary and secondary immunoreaction.  

 

It was observed that the intensity of Au4f signal was decreased after primary and 

secondary immunioreaction. This result implies that the sensor surface become 

thicker after immunoreaction. In comparison of the low and the high affinity sensor 

surface, the high affinity sensor surface produced a bit of high intensity of Au4f signal 

in both of primary and secondary immunoreacted sensor surface. The low intensity of 

Au4f indicated the occupied area of the Au-film. A low intensity for the low affinity 
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sensor surface suggested that the antibody were in lay-down orientation onto the 

sensor surface, whereas, a standing up configuration was predicted from high 

intensity of Au4f signal for high affinity sensor surface. Furthermore, the presence of 

antibody onto the sensor surface was confirmed by the high-energy shoulder at 288.5 

eV for amide (-CONH) and 286.0 eV (-C-OH, for α-amino acid) on the main C1s 

signal.  In addition, the primary amine (-NH2) peak at 399.8 eV also indicated the 

presence of antibody onto the sensor surface.   

In conclusion, the access of binding site of clenbuterol immobilized sensor 

surface in primary immunoreaction was limited for low affinity sensor surface, which 

in turn affects the secondary immunoreaction. Consequently, a low signal was 

achieved for low affinity sensor surface. As a result, the high affinity sensor produced 

high affinity constant, which results in high sensitivity by shifting the calibration plot 

towards the lower analyte concentration. Therefore, it was concluded that the high 

affinity sensor surface produced high sensitivity of the labeled and unlabeled Ab2 in 

the secondary immunoreaction.  

 

4.5. Summary 

In this study, the secondary immunoreaction was proposed in the indirect 

competitive inhibition immunoassay for the detection of clenbuterol. It was found that 

the SPR signal was amplified by 2-times by unlabeled secondary immunoreaction. 

Aiming to understand the effect of sensor surface structure on the secondary 

immunoreaction, the low affinity and high affinity sensor surface was used. The 

obtained results indicated that high affinity sensor surface could capture more 

antibodies from the solution. Consequently, the high affinity sensor surface produced 

higher signal compared to the low affinity sensor surface. The estimated LOD was 
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200 ppq and 150 ppq for the low affinity and the high affinity sensor surface, 

respectively. When Ab2-AuNP (40nm) conjugate was used, the SPR signal 

enhancement factor was 5.8 and 8.9 compared to the primary immunoreaction for the 

low affinity and high affinity sensor surface, respectively. LOD for low affinity 

sensor surface was 10 ppq, while a 1.5-times (7 ppq) lower LOD for high affinity 

sensor surface were achieved in the labeled secondary immunoreaction compared to 

the unlabeled one. To understand the mechanism of high sensitivity of labeled 

secondary immunoreaction, the affinity constants of the immunotreactions ware 

calculated based on the Langmuir isotherm. It was found that the high affinity 

constants of Ab2-AuNP conjugate result in the high sensitivity compared to the 

unlabeled Ab2.  
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Chapter 5 

A Sensitive Detection of Clenbuterol in Urine Sample by 

Using Surface Plasmon Resonance Biosensor 

 

5.1. Introduction 

  β-agonists are used as  medicine for pulmonary diseases and asthma [1]. These 

drugs are also used as growth-promoting agents to stimulate the growth of muscular 

tissues, when they administrated in amounts above the therapeutic level. Among other 

family members of β-agonists, clenbuterol has been reported as the most often 

illegally used by athletes and meat producer [2,3]. The residue of clenbuterol 

remained in meat tissue. After accumulation in body it may causes cardiac disease, 

nausea, fever and specific cell deaths [1,5]. At present, the use of clenbuterol in 

animal feed is prohibited in the United States, China and most of EU countries. 

However, the misuse of clenbuterol in the animal farm and in professional athletes 

has been often reported [3]. In addition, food poisoning in terms of clenbuterol is 

reported in many countries such as Mexico, Portugal, China, France, Spain, Italy and 

the United states [6]. The limit of detection of clenbuterol residue set by the EU is 0.1 

µg/kg for muscle, 0.5 µg/kg for liver and kidney, and 0.05 µg/kg for bovine milk [7]. 

To date, gas chromatography/mass spectrometry (GC/MS) and liquid chromatography 

with mass spectrometry (LC-MS), enzyme linked emmunosorbent-based assay 

(ELISA) and immmunochromatographic immunoassay are the main analytical 

method for monitoring clenbuterol [8-10]. Although those techniques can meet the 

detection limit set by EU, however those methods are expensive, long detection 
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period, and operators are required to be well trained. Therefore, the existing methods 

are difficult to conduct in rapid and on-site monitoring. 

 In order to monitoring the illegal use of clenbuterol in animal farming, urine 

is popular specimen. Because sample can collect in a noninvasive way from live 

animal in the farm. After the oral administration of clenbuterol, the excretion rate in 

urine is 22-49% [11]. As clenbuterol is a small molecule, indirect competitive 

inhibition immunoassay is useful [12-18]. Surface plasmon resonance (SPR) 

biosensors are a promising alternative to the present analytical methods combined 

with the immunoassay technique [19-23]. However, the challenging aspect of the SPR 

biosensor for real sample analysis is the non-specific adsorption. This problem is 

caused by the presence of non-target entities in real sample. For example, urine 

sample contains a lot of large and small molecules such as proteins, fats, vitamins, 

hormones, metabolites, minerals etc [24]. Those entities can block the reaction sites of 

receptor and biorecognition molecules in immunoassay.  Aiming to eliminate 

inhibitors from urine sample, Johasson et al. [24] employed molecular weight cut-off 

filtration process. However, the SPR signal loss was approximately 65% due to non-

specific adsorption for urine sample compared to the ideal buffer solution. Therefore, 

an efficient sample pretreatment is needed. 

In this study, I proposed a simple and organic solvent free pretreatment 

method using monolithic silica spin column that has recently become commercially 

available [25-27]. Clenbuterol spiked with filtered urine sample. The primary and 

secondary immunoreaction is employed for the detection of clenbuterol. In the case of 

secondary immunoreaction, secondary antibody labeled with 40 nm AuNP (Ab2-

AuNP) is used. Furthermore, pH effect on secondary immunoassay is also 

investigated. 
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5.2 Fabrication of immunosurface 

In the previous chapter, it was found that sensor surface prepared with 5 mM 

DSP in methanol shows the best SPR signal and a low limit of detection for secondary 

immunoreaction. Therefore, sensor surface was prepared by using 5 mM DSP in 

methanolic solution. The sensor surface fabrication process carried out into three 

steps. First, dithiobis (succinimidyl) propeonate (5 mM) was flowed over the Au 

surface and Au surface was covered by N-Hyderoxysuccinimidyl terminated 

propenthiol through self-assembly process. Consequently, clenbuterol (1000 ppm) in 

PBS solution is allowed to flow and clenbuterol attached onto the sensor surface 

through amide coupling reaction. Finally, ethanolamine (1000 ppm) in PBS solution 

was injected in order to block unreacted N-Hydroxysuccinimide group. Therefore, the 

sensor surface was composed of clenbuterol-propenthiol and ethanolamine-

propenthiol. The maximum SPR angle shift obtained for covalent immobilization of 

clenbuterol on the succinimidyl terminated propenthiol monolayer was 21.8 (±2.3) 

mdeg and it corresponds to 7.87 (±0.83)× 10-11 mol cm-2. Similarly, 3.80 (±0.60)× 10-

11 mol cm-2 and 1.59 (±0.034) × 10-10 mol cm-2 for clenbuterol and ethanolamine, 

respectively. All the solutions were injected at a flow rate 5 µL min−1 and the loop 

volume 200 µL. 

 

5.3 Urine sample pretreatment 

Urine sample of cow was collected from the Field Science Center for Northern 

Biosphere, Hokkaido University. 10 mL of collected urine was taken into 15 mL 

centrifuge tube. Then, 10 µg of clenbuterol was added to 5 mL urine sample and the 
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concentration of urine sample was 2 ppm. Another 5 mL Urine was used as blank (for 

control experiment).  

 

Fig. 5.1. Summery of filtration procedure (a) physical filtration using minisart 

syringe filter, (b) Chemical structure of monospin filter (c) Chemical filtration by 

using minospin filter for clenbuterol spiked urine sample. 

 

In the pretreatment process, physical and chemical filtration was carried out. 

For physical filtration, Minisart syringe filter (pore size 0.2 µm) along with a pocket 

pump (Yabegawa Co. Lid, Japan) was used. The filtration process is illustrated in Fig. 

5.1 (a).  For the chemical filtration, three different functional groups terminated 

Monospin C18, Monospin amide and monospin CBA (Fig. 5.1 (b) were used. The 
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filtration process is presented in Fig.5.1 (c). After that, the pH of urine samples (both 

spiked and blank sample) was adjusted to 7.4 by 2-fold dilution using PBS solution. 

Finally, 0.01 ppt to 100 ppb clenbuterol (Clb) in urine sample were prepared through 

a serial dilution using blank sample as a solvent. Fig. 5.2 shows the sample 

preparation flow chart. 

 

. 

Fig. 5.2. Clenbuterol spiked urine sample preparation process. 

 

5.4 Immunoassay format 

Aiming to monitor clenbuterol in the complex urine solution, the indirect 

competitive inhibition immunoassay was used. In briefly, primary immunoreaction 

was carried out by injecting a premixed solution that contains 1 ppm anti-clenbuterol 

mouse IgG (primary Ab) and a wide range concentration (0.01 ppt – 100 ppb). After 
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injection the premixed solution, the sensor surface was washed with running buffer 

(PBS+10% ethanol) solution. Subsequently, 1 ppm of anti-mouse polyclonal Ab 

labeled with AuNP (Ab2-AuNP conjugate, 40 nm) solution was injected. The Ab2-

AuNP conjugate binds with the primary Ab onto the sensor surface.  

5.5 Results and Discussion 

5.5.1 Comparison of filtration process 

In order to compare the filtration process, matrix effect in the immunoassay 

was examined. Control experiment using primary immunoreaction was carried out 

and the obtained results were compared with the results of buffer solution. A fixed 

concentration of antibody (2 ppm) was premixed (1+1) with the blank urine sample 

prior to injection. The sensogram is presented in the Fig. 5.3. 

As seen from Fig. 5.3(a), once a stable base line was achieved, the premixed solution 

was injected onto the sensor surface with a flow rate of 100 µL/ min. The SPR signal 

is initially decreased due to difference of dielectric constant of running buffer and the 

premixed solution. When reaction is goes on, it was observed that the antibody 

binding to the clenbuterol onto sensor surface is slow downed for urine solution 

compared to the buffer solution. This phenomenon can be explained as matrix 

components can adhere to the sensor surface clenbuterol or to the antibody in 

premixed solution. Another possible reason is the diffusion of antibody to the sensor 

surface might be hindered by the matrix components. After 2 min injection, the SPR 

signal reached at a higher level compared to the base line in running buffer solution. 

Then the running buffer solution was started to flow onto the sensor surface and the 

washing process was carried until obtaining a stable signal. A significant decreasing 

trend of SPR signal was observed for urine sample filtered by using minisart 

represented in Fig.5.3 (a). While the SPR signal was stabled in PBS buffer, as there 
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was no inhibitor and specific interaction occurred there. Therefore, decreasing trend 

in the washing step was caused due to desorption of some matrix components from 

sensor surface those are loosely attached. 

 

Fig.5.3. Comparison of SPR signal change; (a) Sensogram for premixed (urine + 

Clenbuterol Ab) solution injection, (b) Comparison of signal change for different 

filter. 

 

 The change in SPR signal was estimated from the signal before and after 

sample injection. Results are shown in Fig. 5.3 (b). A large SPR angle shift with a 

magnitude of 35 mdeg was estimated for minisart filter. The amount of proteins 

(antibody or matrix components) can be calculated from the angle shift.   This result 

implies that 35.0 ng cm-2 (1 mdeg = 1 ng cm-2 [29]) protein including antibodies and 

other large molecules in urine sample was adsorbed onto the sensor surface. In 

contrast, the amount of bonded antibody onto sensor surface was 6.1 ng cm-2 (6.1 

mdeg) in buffer solution. This result indicated that approximately 6-times higher SPR 

signal than that of in PBS buffer solution was caused by the non-specific adsorption. 
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The non-specific adsorption usually caused by larger components such as proteins and 

fat aggregates, which bind to the sensor surface increasing the total response by 

adding to the specific antibody response.  

Aiming to evaluate functional group effect, there different types functional 

group equipped with monospin filter were compared. Monospin C18, monospin 

amide and monospin CBA are bonded with octadecyl, amide and carboxyl acid, 

respectively. It was found that the SPR angle shift was decreased to 10.1 mdeg 

(Fig.5.3 (b)), when large molecules were removed from the sample through monospin 

filters.  Therefore, filtration process using monospin filter was more efficient 

compared to the minisart filter. It was assumed that during the urine sample filtration, 

a hydrophobic-hydrophobic interaction might occur between protein molecules of 

urine sample and octedecyl of monospin C18. On the other hand, amide and carboxyl 

functional group of monospin filter can capture small matrix components through a 

hydrophilic–hydrophobic interaction. As the hydrophobic part is the central part of 

the amino acids, therefore it can be predicted that the hydrophilic charge groups are 

located onto the surface side where as hydrophobic residues are on the interior side of 

protein molecule. As a result, hydrophilic-hydrophilic interaction dominated over the 

hydrophobic-hydrophobic interaction. However, monospin filter couldn’t completely 

remove the non-specific adsorption. Between the hydrophilic fictional groups, 

monospin CBA shows less matrix effect compared to the monospin amide. Therefore, 

monospin CBA was used for the following experiment.  

 

5.5.2 pH effect on secondary immunoassay 

pH of cow urine is highly dependent on physical condition such as pregnancy, 

illness and feed. For example, pH may fall less than 5 when anionic salt are being 



	
   100	
  

feed too heavily.  Due to lack of enough minerals in feed, urine pH can be above 7.  It 

should be noted that the ideal value of pH of cow urine is 6-7 [30]. Furthermore, the 

mean urine pH of beef cow is 7.27 [30]. In this study, urine samples were collected 

from 5 different dairy cows and pH was measured. The average pH was 8.15 (±0.10), 

which is consistent with the reported value of 8.10 for dairy cow [30]. Therefore, pH 

range was set up 3.5 to 8.5 with an interval of 1 in this experiment.  

	
  

Fig.5.4. SPR response of primary and secondary immunoreactions (a) pH 4.5 

and (b) pH 8.5. 

 

To understand the effect of pH on SPR response, pH-dependent buffer 

solution was prepared. Sodium dihydrogen phosphate (NaH2PO4) and disodium 

hydrogen phosphate (Na2HPO4) was added to the phosphate buffer saline (PBS) 

solution (pH 7.4) aiming to decrease or increase the pH, respectively. The flow rate 

(100 µL/min) of running solution onto the sensor surface and experimental 

temperature (25°C) were kept constant. Initially the sensor surface was equilibrated 

with running buffer (PBS+10% ethanol, pH 7.4) and the baseline was established. 

Fig.5.4 shows the effect of pH on SPR response by switching the pH 7.4 to pH 4.5 

and 8.5. It was observed from Fig. 5.4 (a) that the SPR signal on injection of primary 
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antibody (Ab, 1 ppm) showed angle shift with a magnitude of 12.2 (±1.8) mdeg, 

where as it was 4.2 (±0.3) mdeg for pH 8.4 (Fig. 1B). Generally, an increase in SPR 

angle shift reflects the increase the mass density at the sensor surface. The obtained 

result indicated that approximately 3-times higher amount of primary Ab (4.2 ng cm-2 

to 12.2 ng cm-2) was adsorbed onto the sensor surface from an acidic solution 

compared to the pH 8.4.  The similar effect was found for secondary immunoreaction. 

As seen from Fig. 5.5 indicated that at lower pH level the total SPR angle shift 

(primary immunoreaction + secondary immunoreaction) was increased. Interestingly, 

the angle shift was dramatically increased when pH down from 5.5. These results 

clearly demonstrated when antibody (both the primary Ab and Ab2-AuNP conjugate) 

mixed with lower pH solution, due to protonation of charge of antibody surface being 

changed (pI value of IgG is 6.4-7.6). Therefore, the inter antibody-antibody 

interaction resulting aggregation, consequently mass density increased accordingly.   

 

Fig.5.5. SPR angle shift for secondary immunoassay as a	
  function of pH. 
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5.5.3 Inhibition effect:  

Aiming to determine of inhibitors, artificial urine sample was prepared 

according to Japan Industry standard (JIS T3214). The composition of artificial urine 

for 100 ml in water is presented in Table 5.1. The pH of the artificial urine was 6.83.  

Table 5.1. Composition for artificial urine ((JIS T3214).   

 

To compare the SPR response for filtered and unfiltered urine sample, 

monospin CBA filter was used. The premixed solution was prepared by adding 1 ppm 

primary Ab into filtered and without filtered of artificial urine sample, respectively. 

The SPR response was compared upon injection the premixed solution onto sensor 

surface and presented in the Fig. 5.6. It was found that the filtered sample generated 

4.5 (±0.6) mdeg of SPR angle shift, while it was 4.2 (±0.3) mdeg for unfiltered 

sample. Therefore, no significant difference in angle shift was observed for the both 

cases. In contrast, approximately 35.0 mdeg SPR angle shift was obtained for real 

urine sample for physical filtration. Therefore, it was concluded that there was no 

inhibitor in the artificial urine.  

 

Chemicals Amount/g 

Urea 2.5  

NaCl  0.9  

Sodium hydrogen phosphate  0.25  

NH4Cl  0.3 

Potassium dihydrogenphosphate  0.25  

Creatinine  0.2  

Sodium sulfite  0.3  
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Fig. 5.6. Comparison of SPR response for filtered and without filtered artificial urine  
sample by using primary immunoreaction. 

 

5.5.4 Clenbuterol detection: 

The detection principle was indirect competitive inhibition immunoassay, 

where antibodies with unoccupied binding sites are quantified through their ability to 

bind to analyte immobilized onto sensor surface. As the primary Ab could not 

generate sufficient SPR signal, amplification step using Ab2-AuNP conjugate was 

carried out using secondary immunoreaction. Fig. 5.7 shows a representative 

sensogram of clenbuterol spiked urine sample for the secondary immunoreaction 

followed by primary immunoreaction. As seen from Fig.5.7, 1 ppm primary Ab (anti-

clenbuterol Ab) was premixed with the urine solution and injected at 2900 s.  After 

the primary immunoreaction, 1 ppm Ab2-AuNP was injected. The SPR signal was 

increased due to binding of primary Ab onto sensor surface. After 120 s injection of 

Ab2-AuNP conjugate, the sensor surface was washed with the running buffer solution. 

Then the sensor surface was regenerated with 0.1 M NaOH solution. One detection 
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cycle takes only 1000 sec. It was found that the highest SPR signal with a magnitude 

of 45 mdeg was obtained. 

	
  

Fig. 5.7. SPR sensogram represents the angle change for primary and 

secondary ummoreaction. Urine sample was filtered using monospin CBA. The flow 

rate was 100 µL/min. 0.1 M NaOH was the regeneration solution. 

 

The same sensor surface was used for the premixed solution containing different 

concentration (0.01 ppt-100 ppb) of clenbuterol spiked urine sample. The estimated 

angle shifts are used to construct calibration plot and illustrated in Fig.7.8. The limit 

of detection was estimated to 20 ppq in urine sample using Ab2-AuNP conjugate, 

while a 3-times lower LOD (7 ppq) was estimated in the PBS solution.  Higher LOD 

in comparison to the assay established in ideal buffer solution indicated some non-

specific adsorption of matrix component in urine solution affect the sensitivity. 
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clenbuterol set by the EU commission. Therefore, the immunoassay technique could 

be considered as a fast and sensitive tool for the detection of clenbuterol in the urine 

sample. 

	
  

Fig.7.8. Comparison of calibration plot performed in ideal PBS buffer solution and in 

urine filtered with monospin CBA. 

 

5.6 Summary 

In this study, I compared between physical filtration and chemical filtration 

for urine. The filtered urine sample was spiked with clenbuterol. The clenbuterol 

spiked urine samples were then tested using developed indirect competitive inhibition 

immunoassay. It was estimated that a 6-times higher SPR signal was obtained for 

primary immunoreaction for the physical filtration of urine sample compared to the 

buffer solution. Therefore, a high non-specific adsorption was found for physical 

filtration using minisart filter. On the other hand, the obtained results indicated that 

chemical filtration by using monospin filters were effective. Among the three types of 

functional group (octadecyl, amide and carboxyl acid) modified monospin filter, 
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carboxylic acid group modified monospin CBA provided the best result. However, a 

few amount of non-specific adsorption was observed for monospin filter. The 

investigation of pH effect implies that lower pH resulted in aggregation of antibody, 

consequently abrupt angle shift was observed. Furthermore, no inhibitor was found in 

the artificial urine. Thereby, it was concluded that the proteins in urine sample acted 

as main inhibitor in SPR immunosensing. Furthermore, a low limit of detection with 

20 ppq was achieved by using Ab2-AuNP. The important aspect of the immunoassay 

was the urine sample diluted just 2-times. It was suggested that the low limit of 

detection as well as short detection time would be an alternative to the conventional 

methods. 
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Chapter 6 

6.1 Summary and Conclusion 

The increasing numbers of potential hazardous materials in the food products 

call for a rapid and sensitive analytical technique for monitoring real sample. 

However, a low signal, a low sensitivity and matrix effect are the main impediment 

for the promising SPR biosensor in practical application. The knowledge about the 

LOD determining factor, effect of sensor surface structure on the immunoreaction and 

appropriate matrix management of biological sample has been discussed. 

In chapter 3, the anti-clenbuterol mouse IgG (primary Ab) was labeled with 

Au-nanoparticle (Ab-AuNP conjugate). The SPR immunoassay using Ab-AuNP 

conjugate produced an extremely low limit of the detection (LOD) with a magnitude 

of 0.05 ppt (0.05 pg mL−1), which was 40-times lower than that of unlabeled Ab. To 

identify the key factor in determining the LOD of the indirect competitive inhibition 

immunoassay, affinity constants of the surface immunoreaction (K1) and of the 

premixed solution (αK2) were evaluated. I found that the dielectric constant change 

due to AuNP labeling of Ab did not affect on the affinity constants, because all the 

amplification magnitude terms canceled out from the equation. The simulation plot of 

LOD with respect to K1 and αK2 showed that a K1 one order of magnitude lower than 

αK2 produced a ppt-level LOD. Because the affinity constants are determined by the 

molar concentrations of reactant and product, the molar mass of the Ab or Ab-AuNP 

conjugate in the sample solution containing 1 ppm (1 µg mL−1) highly affects the 

constants. Consequently, molar mass adjustment can be used to adjust the LOD in an 

indirect competitive inhibition immunoassay as needed for a practical application. 

In chapter 4, aiming to achieve a high SPR signal and a high sensitivity, 

secondary immunoreaction by using anti-mouse IgG (Ab2) was employed. The SPR 
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response was enhanced by 2-fold for the secondary immunoreaction (unlabeled) 

compared to the primary immunoreaction. Furthermore, the affinity constant of the 

sensor surface influenced the secondary immunoreaction.  The high affinity constant 

sensor surface produced a high SPR signal and a high sensitivity in the secondary 

immunoreaction. The highest SPR response was achieved with a magnitude of 55.5 

mdeg, which was 2-times higher than that of the low affinity sensor surface (24 mdeg) 

for Ab2-AuNP conjugate. In comparison between the Ab2-AuNP and Ab2, the Ab2 

(unlabeled secondary Ab) produced a limit of detection (LOD) of 150 ppq (150 fg 

mL-1), while it was improved by more than one order of magnitude to 7 ppq (7 fg mL-

1) by applying Ab2-AuNP conjugate for the high affinity sensor surface. Furthermore, 

the obtained results indicated that the affinity constant of the secondary 

immunoreaction increased with increasing the sensor surface affinity constant. It was 

considered that the Ab2 in the secondary immunoreaction recognized the tail of 

primary Ab for the high affinity sensor surface, which results in the high response, 

high affinity constant and consequently the high sensitivity of the detection process. 

In chapter 5, a highly sensitive immunosensing of clenbuterol in a real urine 

sample was developed. However, the real sample may contain many kinds of 

inhibitors. There are challenges for real sample analysis, even though the high 

sensitivity was realized in an ideal condition. In this study, the indirect competitive 

inhibition immunoassay with secondary immunoreaction optimized in above chapters 

was employed for detection of clenbuterol. Although the sensitivity of 7 ppq was 

achieved in ideal condition using PBS buffer solution, SPR did not respond to the 

primary Ab of clenbuterol in non-pretreated urine. First, in order to eliminate the pH 

effect, the pH was adjusted by mixing with PBS buffer solution (1:1). The pH of 

sample solution became always 7.4 by the buffer effect. Next, the filtration methods 
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for urine of cows were investigated. Although very high SPR response was obtained, 

the sensor surface could not be regenerated again. It was suggested that the high non-

specific adsorption of inhibitors was caused for physical filtration. Therefore, it was 

concluded that the physical filtration could not removed the inhibitors. Subsequently 

the chemical filtration method was examined. Three types of silica filter modified 

with functional group (octadecyl, amide and carboxyl acid) were employed for urine 

sample. All three filters showed the removal performances. This result implied that 

the inhibitors chemically interrupted the immunoreaction. It was noticed that the 

carboxylic acid group modified silica filter provided the best filtration among three 

filters. It was found that the highest SPR signal with a magnitude of 45 mdeg was 

obtained. The obtained sensitivity for urine solution was almost comparable to the 

sensitivity obtained in the buffer solution. Furthermore, a low limit of detection with 

20 ppq was achieved by using secondary immunoreaction using Ab2–AuNP 

conjugate.  Therefore, it was suggested that the low limit of detection as well as short 

detection time would be an alternative to the conventional methods. 

From the development of indirect competitive inhibition immunoassay, the 

following concluding points are as follows: 

 The primary antibody (anti-clenbuterol mouse IgG) was labeled with AuNP   

(Ab-AuNP) and successfully employed in the immunoassay. 

 LOD simulation was constructed from affinity constant. 

 A ppt-level LOD is produced by adjusting K1 to one order of magnitude lower   

  than αK2. 

 Affinity constant of sensor surface influenced the SPR signal and sensitivity. 

 A high affinity constant sensor surface was better compared to a low affinity 

sensor surface for secondary immunoreaction. 
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 The physical filtration did not worked well, while the chemical filtration 

reduced the matrix effect. 

 20 ppq clenbuterol in urine sample could be detected by only 2-time dilution. 

 

Finally, the developed fast sample pretreatment process and the use of AuNP in 

indirect competitive inhibition immunoassay produced 20 ppq limit of detection for 

clenbuterol in urine sample. Therefore, it can be expected that the developed 

immunoassay technique could provide a reliable detection and quantification of 

clenbuterol in other real sample analysis, which will be helpful to ensure quality of 

human health.   

	
  
 

 
	
  


