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method for detecting the leptospiral bacteria. 

 

KEY WORDS : SURFACE PLASMON RESONANCE / BIOSENSOR / 

LEPTOSPIRAL BATERIA 

 

95 P. ISBN 974-04-6321-5 

 



Fac. of Grad. Studies, Mahidol Univ.  Thesis / v 

 

การพัฒนา surface plasmon resonance spectroscopy เปนเครื่องมือตรวจวัดทางชวีภาพ 

(DEVELOPMENT OF SURFACE PLASMON RESONANCE SPECTROSCOPY 

AS A BIOLOGICAL SENSOR) 

 

จารุภัทร ดิษรัฐกิจ      4436203 SCPY/M 

 

วท.ม. (ฟสิกส) 
 

คณะกรรมการควบคุมวิทยานิพนธ : เตมิศักดิ์ ศรีคิรินทร, Ph.D. (Polymer Science and 

Engineering), ศรีสุดา วรามิตร, Ph.D. (Physics), กัลลยานี ดวงฉวี, M.Sc. (Pathobiology), 
บุญสง สุตะพันธ, Ph.D. (Electrical Engineering and Applied Physics) 
 

บทคัดยอ 

        Surface Plasmon Resonance (SPR) เปนปรากฏการณเชงิแสง ซ่ึงเกิดขึ้นเมื่อแสง ตก
กระทบลงบนผิวของโลหะ ซ่ึงไวตอการเปลี่ยนแปลงของคุณสมบัติเชิงแสง และความหนาของฟลม
บาง บนผิวทองที่เคลือบอยูบนปริซึม ซ่ึงทําจากแกวชนิด BK7 ในงานวิจัยนี้ ไดศึกษาความเปนไป
ไดของการประยุกตใช SPR ในงานตรวจวัดเชิงชวีภาพ (biosensing) และรูปแบบการเตรียมผิว 
สําหรับงานตรวจจับเชื้อแบคทีเรีย Leptospiral ดวยเทคนิค SPR 

        งานวิจยันี้ อาศัยเทคนคิ surface plasmon resonance spectroscopy ในการตรวจวดัความ
เปล่ียนแปลงของฟลมบาง บนผิวทอง ซ่ึงประกอบชั้นของสารเคมี ที่ถูกเตรียมขึ้น 2 ลักษณะ คือ 
อาศัยพันธะโควาเลนซ และไมอาศัยพันธะโควาเลนซ (อาศัยแรง Van der Waals) อาศัยเพื่อ
ควบคุมการจัดเรียงตัวของชัน้ antibody และผิวของตวัตรวจจับ ถูกทาํใหมีความเจาะจงตอเชื้อโรค 
(antigen) โดยใช ethanolamine หรือ bovine serum albumin ปองกันการเกาะตดิของสารอื่นที่
ไมใชคูของ antibody 

        จากผลการทดลองพบวา หลังจากหยดสวนของเชื้อเลปโตสไปรา (เซลลตาย) ที่ทําหนาที่เปน 
antigen ลงบนผิวของแผนตรวจจับ ซ่ึงมีผิวที่เตรียมขึ้นในการจับ antibody ดวยพนัธะโควาเลนซ
ไว ตรวจพบความแตกตางของสัญญาณ ซ่ึงพิจารณาไดจากมุมที่ทาํใหเกิดปรากฎการณ SPR 
มากกวาผิวที่เตรียมโดยวิธีที่แตกตาง ซ่ึงเปนแบบแรง ionic ในการยดึ antibody 
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CHAPTER I 

INTRODUCTION 

 

 

        Biosensors are analytical devices that convert biological actions into detectable 

signals. The detection mechanism makes use of specific biological processes such as  

                - Enzymes for their substrates or other ligands,  

                - Antibodies for their antigens,  

                - Lectins for carbohydrates and  

                - Nucleic acids for their complementary sequences antibodies.  

        A biological reaction usually takes place in close contact with a signal 

transducer. The resulting signal is compared with a reference signal, the signal which 

is usually produced by a similar system without the biologically active material. The 

difference between these two signals, which optimally is proportional to the material 

being analyzed, is amplified, processed and displayed or recorded. The primary 

advantage of using biologically active molecules as part of a biosensor is due to their 

high specificity and high discriminatory power [1]. 

        Optical biosensors (also called optodes) are currently generating a considerable 

interest, particularly with respect to the use of fiber optics and optoelectronic 

transducers. These allow a safe non-electrical remote sensing of materials in 

hazardous or sensitive environments. Surface plasmon resonance (SPR), is an optical 

biosensor technology, and highly versatile for measuring real-time binding of proteins 

of interest to the surface immobilized ligands. This technique has been widely 

explored in numerous applications [1, 2]. 

 

1.1 Surface Plasmon Resonance Spectroscopy 

        The introduction of commercial instruments, such as BIAcore, that are capable 

of measuring SPR and simplified the study of macromolecular interactions by 

providing a useful format at real time measurement with small analytical quantity of
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material. Several SPR instruments are available, ranging from simple and inexpensive 

model to more sophisticated instruments with attendant robotics, optical interfaces 

and software. The simplest device, called a Spreeta chip, was developed by Texas 

Instruments [3]. It maintains an in formative Web Site with an interesting description 

of the physical basis of SPR. A more sophisticated instrument is the IBIS Biosensor 

by XanTec Instruments [4]. The IBIS Biosensor uses cuvettes, but it is also 

compatible with BIAcore sensor chips. Two instruments utilize cuvettes rather than 

chips. One is a programmable biosensor called Plasmon, which is manufactured by 

BioTul [5]. The other, Iasys, is an optical biosensor that uses a stirred cuvette [6]. 

        For SPR spectroscopy, light is reflected from the internal surface of a prism that 

has been coated with a thin metal film (i.e., gold).  At a specific angle of reflection, 

the incident light creates a resonant oscillation of electrons in the surface of the metal 

film (i.e., plasmon resonance).  The SPR response is extremely sensitive to any 

change in the dielectric constant, that relate to reflective index of the medium adjacent 

to the gold surface of a sensor chip.  Changes in the SPR signals are monitored by the 

angular changes where the reflected light is minima [2, 7]. 

 

1.2 Leptospira Bacteria and Background 

        Leptospira spp. is the causative agent of Leptospirosis, which is an acute febrile 

illness occurring as zoonosis.  The organisms can spread via urine of reservoir 

animals into the environment.  The sources of infection are variable wild and 

domestic animals, rodents, marsupials, cattle, dogs and digs [8]. Human usually 

acquires infection by pathogenic Leptospira via skin abrasion or cracks in the feet, 

especially when walking through contaminated water, and by penetrating into mucous 

membranes of the eyes, nose or mouth. 

        After incubation period (usually 7-12 days, with a range of 2-20 days) the 

leptospiral bacteria initiate septicaemic or leptospiraemic may follow by complete or 

apparent recovery (about 3-4 days). During this first stage which loots about 4-7 days, 

the patient develops a non specific flu like illness of varying severity [9]. 

        After a few day periods, the fever seems and followed by immune or 

leptospiruric stage, which circulating antibodies. This may be detected and the 

organism may be isolated from urine. Nonspecific symptoms involved are fever, 
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headache, muscle pains, tenderness and sometimes with rigors, accompanied by 

nausea or with vomiting, conjunctiva suffusion, a transient skin and mucosal rash, 

photophobia and other signs of meningitis.  At the time of onset it is not possible to 

clinically identify immediately whether mild, severe nor how severe illness would be 

used be for early diagnosis [9].  Diagnosis of the leptospirosis is made by detecting 

organism or antibodies in serum [8]. Following table shows some available diagnostic 

tools used: 

 

Table 1.1 Variable of antigen and antibody based assays [9]. 

Implement Method 
Period of 

detection 
Results obtained Sampling 

Microscopy 1-10days (later) Immediate Single sample 

Culture 1-10 days 2-8 weeks Single sample 

DNA techniques 1-10 days (later) 1-2 weeks Single sample 

Antigen 

detection 

PCR 1-10 days (later) Few days Single sample 

Antibody 

detection 
Serology >10 days Few days 

Paired samples 

7-10 days apart 

 

        The most useful and definite diagnosis of leptospirosis is based on the detection 

of leptospires, either circulating in the blood or recovered by cultivation of blood, 

urine and cerebrospinal fluid specimens. However, detection of antibodies specific to 

leptospiral can be used as alternative diagnostic tool, but need longer time period of 

investigation [91]. 

 

1.3 Objective 

        - To develop biosensor for determining the presence of biological materials 

using antigen-antibody model and SPR spectroscopy. 

        - To evaluate the capability of laboratory prepared biosensor for detecting 

leptospiral organism in liquid medium. 



Jarupat Disrattakit  Surface Plasmon Resonance Technique/ 4 

CHAPTER II 

SUEFACE PLASMON RESONANCE TECHNIQUE 
 

 

2.1 Surface Plasmon Resonance 

        The surface plasmon resonance (SPR) is a quantum optical-electrical 

phenomenon arising from the interaction of light with a metal surface. Under certain 

conditions the energy carried by photons of light is transferred to packets of 

conduction electron gas, called plasmons (plasma oscillation in metal), on a metal’s 

surface. Energy transfer occurs only at a specific resonance wavelength of light. That 

is, the wavelength where the quantum energy carried by the photons exactly equals 

the quantum energy level of the plasmons [10]. 

        A plasma oscillation in metal is a collective longitudinal excitation of the 

conduction electron gas. The surface plasmons (SPs) is quantum of the plasma 

oscillations propagating along a metal surface that are changed by thin dielectric 

coatings [11] as shown in Figure 2.1. 

Figure 2.1 The charges and the electromagnetic filed of SPs propagating on a surface 

in the x direction are shown schematically. yH
v

 shows the magnetic filed 

in the y direction of this p-polarized wave. 

 

        The choice of metal used is critical, since the metal must exhibit free electron 

behavior as described by the free electron model. Suitable metals include silver, gold, 

copper and aluminium of which silver and gold are more commonly used. Silver is 

used as it provides a sharp SPR resonance peak and gold due to its stability [12]. 

--- +++ --- +++ --- +++ --- +++ --- 
dielectric 
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        The SPs may be excited by passing an electron through a thin metallic film or by 

reflecting an electron or a photon from a film [13]. The resonance condition that 

permits energy transfer from photons to plasmons depends upon a quantum 

mechanical criterion related to the energy and momentum of the photons and 

plasmons. Both the energy and momentum of the photons must match exactly the 

energy and momentum of the plasmons. There are three general configurations of 

SPR devices that alter the momentum of photons in a way that fulfills the resonance 

criterion, namely,  

                -prisms,  

                -gratings and optical, and  

                -optical waveguide-based SPR system  

as shown in Figure 2.2 [10]. 

 

Figure 2.2 Most widely used configurations of SPR sensors: (a) prism coupler-based 

SPR system (attenuated total reflectance method), (b) grating coupler-

based SPR system, (c) optical waveguide-based SPR system. 

 

        2.1.1 Attenuated Total Reflectance Configurations 

                The system of SPR can be applied in different configurations. In the Otto 

arrangement there is a distance between the metal and the total internal reflection 

(TIR) surface. The space is filled with a lower refractive index medium. This 

configuration is useful in the study of SPR in solid phase media [14] as shown in 

Figure 2.3. 

 

(a) (b) (c) 
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Figure 2.3 The Otto configuration is based on the total internal reflection of a plane 

wave incident at an angle θ  at the base of a prism. The evanescent tail of 

this inhomogeneous wave can excite PSP states at an Ag-dielectric 

interface, provided the coupling gap is sufficiently narrow. 

 

                However since the distance between metal and TIR surface reduces the SPR 

efficiency, it is less useful for applications with solutions. In the Kretchmann 

configuration, the metal layer is directly on top of the TIR surface enabling a more 

efficient plasmon generation [15] as shown in Figure 2.4. 

 
Figure 2.4 Attenuated total internal reflection (ATR) construct for PSP excitation in 

the Kretschmann geometry. A thin metal film ( ≈d 50 nm) is evaporated 

onto the base of the prism and acts as a resonator driven by the photon 

field incident at an angle θ . 

 

        2.1.2 Analysis of Surface Plasmon Resonance Spectroscopy 

                The practical and commonly used method by which to excite surface 

plasmon was initially investigated by Kretschmann and Raether [16]. In the 

Kretschmann configuration, the incident light, wavelength λ , falls on through a prism 

under total reflection condition and onto a metal film evaporated onto the base of the 

prism. The SPR system is composed of a prism, a gold film and a sample. The 
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sequences of the optical media from prism to buffer are denoted by medium 1, 2, 3, 4 

and 5. The symbols x and z are the directions of the coordinate system for the optical 

system as shown in Figure 2.5. 

 
Figure 2.5 In Kretschmann configuration, the light is reflected at a metal surface 

( 3ε ). The medium below the metal is a dielectric medium ( 1ε ) as glass or 

quartz; above the metal are the sample ( 4ε ) and the buffer ( 5ε ). 

 

                2.1.2.1 Principle of SPR Spectroscopy 

                        When a beam of light passes from material with a high refractive index 

(e.g. glass) into material with a low refractive index (e.g. water) some light is 

reflected from the interface. When the angle at which the light strikes the interface 

(the angle of incidence or 0θ ) is greater than the critical angle ( cθ ), the light is 

completely reflected (total internal reflection). Although the fully reflected beam does 

not lose any net energy across the TIR interface, the light beam leaks an electrical 

field intensity called an evanescent field wave into the low refractive index medium. 

The amplitude of this evanescent field wave decreases exponentially with distance 

from the interface, decaying over a distance of about one light wavelength from the 

surface (Figure 2.4). The wave vector of the evanescent field or incident light in the 

interface surface direction ( xk ) is given by 

λ
πε 2

1

λ
π2

x

z
1θ

xk
Prism

Cover
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⎬
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 01 sin2 θε
λ
π

=xk  (2.1) 

where λ  is the wave length of incident light, 1ε is dielectric constant of prism (glass). 

If the surface of the glass is coated with a thin film of a noble metal (e.g. gold), this 

reflection is not total; some of the light is lost into the metallic film. There is a second 

angle greater than the critical angle at which this loss is greatest and at which the 

intensity of reflected light reaches a minimum or dip. This angle is called the surface 

plasmon resonance angle ( SPRθ ). It is a consequence of the oscillation of mobile 

electrons (or plasma) at the surface of the metal film. These oscillating plasma waves 

are called surface plasmons (SP). The wave vecetor of the surface plasmons  is be 

approximated to 

 
21

43

432
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+′
′

=
εε
εε

λ
π

SPk  (2.2) 

where 3ε ′  is the real part of dielectric constant of the metal film and 4ε  is the 

dielectric constant of sample layer. 

                        When the wave vector of the incident light matches the wave vector of 

the surface plasmons, the electrons resonate, hence the term surface plasmon 

resonance. The coupling of the incident light to the surface plasmons results in a loss 

of energy which causes a reduction in the intensity of the reflected light. It is because 

the amplitude of the wave vector in the plane of the metallic film depends on the 

angle at which it strikes the interface that an SPRθ  is observed [17]. 

 spx kk =  

 
43

43
1 sin

εε
εεθε
+′
′

=SPR  (2.3) 

                        The efficiency of SPR spectroscopy is limited by the evanescent wave. 

In TIR, the reflected photons create an electric field on the opposite site of the 

interface. The plasmons create a comparable field that extends into the medium on 

either side of the film. This field is called the evanescent wave because it decays with 

distance.  
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Figure 2.6 The Kretchmann configuration for SPR: resonance of a surface plasmon is 

excited at the metal/air interface when the angle of incidence of light is 

such that the evanescent component of its wave vector (kev) is equal to the 

wave vector of the propagating surface plasmon (ksp ) [12]. 

 

Equations, which describe how electric fields travel through a medium, include a term 

for the properties of the medium as shown in Table 2.1. For light, this term is the 

refractive index. The light is seen as refracted because the photons have a different 

velocity in different media [14]. 

 

Table 2.1 Formulae of property of evanescent wave (see detail in Chapter III). 

Quantities Formulae 

Decay length 
3

2
3

23

43

43

2
1

ε
ε

εε
εε

ω ′′
′

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+′
′

=
′′

=
−

c
k

l
x

 (2.4)

Skin depth   

in the metal with 1ε  
21

2
3

43
1ˆ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +′
≈

ε
εε

ω
cz  (2.5)

in the medium with 2ε  
21

2
4

43
2ˆ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +′
≈

ε
εε

ω
cz  (2.6)

 

                        In the same way the velocity (and therefore the wave vector) of the 

plasmons is changed when the composition of the medium changes. Because of the 

change in wave vector, that related to momentum, the angle of incident light at which 
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the resonance changes. This can be measured very precise. On the other hand, at a 

fixed angle of incident light, the wavelength can be varied until resonance occurs. 

 

                2.1.2.2. Limitation of Surface Plasmon Resonance Spectroscopy 

                        The system, which consists of the layers of prism, metal, and 

dielectric, is presented in Figure 2.6. The efficiency is limited by the range of 

evanescent wave, as shown in Table 2.2, 

 

Table 2.2 For 632.8 nm of wavelength, gold surface (dielectric constant is -10.9318+ 

1.46075i, thickness = 50 nm), prism is Schott glass type BK7 (dielectric 

constant is 2.2955). 

 Air Water Ethanol 

Reflective index 1.000 1.333 1.362 

Decay Length (um) 7.135 2.666 2.467 

Skin depth (nm)    

In Sample layer (nm) 317.395 171.496 163.568 

In metal layer (nm) 29.034 27.876 27.756 

SPR Angle (Degrees) 44.0029 73.2405 78.4183 

 

2.2 Surface Plasmon Resonance Analytical Application 

        The phenomenon of SPR is completely non-specific. It cannot distinguish 

various chemical changes. This appears to be a limitation, but it is really a powerful 

advantage. Specificity depends upon selection of pairs of molecules which react to 

each other. One of the pair is called detector and the other is the target to be analyzed 

or detected. Any complementary pair of interested molecules which having specific 

binding such as and antibody, a DNA probe and complementary strand, an enzyme 

and substrate, oil and gas or liquid phase that is soluble in the oil, and chelating agent 

and metal ion. 

        SPR can be modified into a sensor for both qualitative and quantitative 

measurement with high sensitivity toward a broad spectrum of chemical and 

biological entities. It offers a number of important practical advantages over current 

analytical techniques. The procedure time required varies with the specific chemistry 
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but can be as short as 5 minutes. In most cases, there is no need to pretreat the sample 

before applying onto the sensor. A single sensor format (i.e. size, storage and 

protocol, reader, etc.) may be applicable for a variety of assay system including 

immunological, nucleic acid binding, enzymatic, chemical, and gas adsorption. Some 

of the potential areas of application include medical diagnostics, environmental 

monitoring, agriculture pesticide and antibiotic monitoring, food additive testing, 

military and civilian airborne biological and chemical agent testing, and real time 

chemical and biological production process monitoring [10]. 

 

        2.2.1. Situations Suit Surface Plasmon Resonance Technique 

                2.2.1.1. Estimation of Macromolecules 

                        Most laboratories studying biological problems at the molecular or 

cellular level dialed with recombinant proteins. The structure of the recombinant 

protein had been found compatible to its native counterpart. Except enzymes that 

involve multiple residues in their interaction with the natural ligands. Of which the 

primary amino acid sequence require a correctly folded protein without natural 

ligands. The monoclonal antibodies are developed specifically to bind to the most 

native proteins as an excellent means in assessment of the structural integrity of some 

recombinant protein [17]. 

 

                2.2.1.2. Adsorption Kinetics Measurements 

                        Chemical kinetics is the study of the rates of chemical reactions, the 

factors that interferes reaction rates and mechanisms. Rates of reactions are usually 

expressed in units of moles per liter per unit time. If we know the chemical equation 

of a reaction, its rate can be determined quantitatively, according to the change of 

concentration of any product or reactant involving [18]. This change is measured 

continuously to form a sensorgram, which provides a complete record of the progress 

of association or dissociation of the reactants. 
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Figure 2.7 The progress of an interaction is monitored as a sensorgram. Analyte binds 

to the surface-attached ligand during sample injection, resulting in an 

increase in signal. At the end of the injection, the sample is replaced by a 

continuous flow of buffer and the decrease in signal now reflects 

dissociation of interaction from the surface-bound complex. 

 

                        When molecules in the test solution bind to a target molecule the mass 

increases, when they dissociate the mass falls. This simple principle forms the basis of 

the sensorgram - a continuous, real-time monitoring of the association and 

dissociation of the interacting molecules (see Figure 2.7). The sensorgram provides 

quantitative information in real-time on specificity of binding, active concentration of 

molecule in a sample, kinetics and affinity. The change is quantified in resonance 

units or response units (RUs). 

 

Table 2.3 Comparison of SPR units in resonance unit (RU) and other units. 

SPR Angle shift [17] 1 RU = 10-4 Degrees 

Surface concentration (Empirical measurements) [19] 1 RU = 10-12 g/mm2 

 

As the concentrations of reactants change at constant temperature, the rate of reaction 

depends on concentrations. The reaction rate is given by followings: 
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Chemists like to simplify equations. In that case, we symbolize the two inherent 

factors 

 
norientatioproper  have

 moleculesin which  
collisions ofFraction 

Ean greater thor 
  toequalenergy with 
 collisions ofFraction 

a

×=K  (2.7) 

 

The K is called the rate constant for a reaction. Each reaction has its own value of K. 

If K is large, the reaction is fast. If K is small, the reaction is slow. The value of K 

depends on both the Ea value of a reaction and the shapes (orientations) of the reactant 

molecules [20]. 

                        In any chemical reaction at a fixed temperature, the number of 

collisions per unit time is proportional to the product of the concentration of the 

reactants, each concentration value raised to some power (exponent) called an order. 

For the general reaction A+B→P, we express this relationship in the form 

 Reaction rate=K[A]x[B]y (2.8) 

The powers to which the concentrations are raised, x and y, are usually small integers 

or zero but are occasionally fractional or even negative. A power of one means the 

rate is directly proportional to the concentration of which reactant. A power of two 

means the rate is directly proportional to the square of that concentration. A power of 

zero means that the rate does not depend on the concentration of which reactant, so 

long as some of the reactant is present. The overall of the reaction is x+y. The units of 

K depend on the overall order of the reaction. 
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                        For the application of SPR as biosensor, the kinetics of binding of the 

ligate solution (A) to the free ligand (B) may be followed by monitoring the time 

dependence of the SPR signal, denoted by R, which typically the shift in resonance 

angle. The system normally allowed to reach equilibrium, which is denoted by the 

plateau in the sensorgram. The equilibrium constant for formation of the ligate-ligand 

complex (AB) can be measured directly from data of the type displayed in the 

sensorgram (see Figure 2.7). Consider the equilibrium 

 A+B F AB 

 
eqeq

eq

off

on
eq BA

AB
K
KK

][][
][

==   only at equilibrium. (2.9) 

Where Kon and Koff are the rate constants for formation and dissociation of the ligate-

ligand complex, and Keq is the equilibrium constant for formation of the ligate-ligand 

complex. It follows that 

 ][]][[
d

][d ABKBAK
t

AB
offon −=  (2.10) 

where the brackets [ ] are read as concentration. The maximum change in SPR angle 

(Rmax) is proportional to the total ligand concentration ([B]+[AB]), Rmax-R is 

proportional to the free ligand concentration [B] and [A] may be considered as a 

constant (a0) since the free ligate is constantly replenished under flow condition [12]. 

We can also write [B]=b0-[AB] from mass-balance considerations, where b0 is the 

total concentration of ligand. Finally, the SPR signal is often observed to be 

proportional to [AB]. The maximum value that R can have is Rmax ∝ b0, which would 

be measured if all ligand molecules were adsorbed onto the free ligate. We may then 

write 

 RKRRaK
t
R

offon −−= )(
d
d

max0  

 RKaKRak offonon )( 0max0 +−=  (2.11) 

        Rate constants are then determined by plotting dR/dt vs.R for a range of ligate 

concentrations. The gradient of each concentration plot (ks) is then plotted against the 

ligate concentration (a0) to produce a straight line where –ks=Kona0-Koff. From this 

graph, Kon is the gradient and Koff the y-axis intercept. A more accurate measurement 

of the dissociation constant can be determined if the bound [AB] complex is in a 
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buffer only solution, where the concentration of analyte in solution falls to zero and 

the Equation (2.11) can be simplified to dR/dt=-KoffR. The affinity constant can then 

be calculated as Kon/Koff [21, 22]. 

 

At equilibrium R=Req and dR/dt=0. It follows that (after some algebra) 

 ⎟
⎟
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eq
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Hence, the value of Keq can be obtained from measurements of Req for a series of a0 

[20]. 

 

        2.2.2. Limitation of Surface Plasmon Resonance Technique 

                2.2.2.1. Concentration Assays 

                        The SPR technique is not appropriate for concentration measurements, 

because it requires the analysis of various participating factors samples in parallel, 

including the standard curve. A second problem is that, for optimal sensitivity, the 

concentration assays require long equilibration periods [17]. 

 

2.3 Resources by SPR Technique 

Table 2.4 List of the SPR application 

Mode of Studies Application 

Gas-sensing chemical vapour interaction with fluouopolymer [27] 

Gas-sensing 
exposed a silicon-glycol copolymer by the anaesthetic gas 

halothane [32] 

Gas-sensing 
gas-adsorbing organic materials on a polyethylene glycohol 

thin film [28] 

Gas-sensing 
gas detection experiment involved two gases on the top of 

the Au:SiO2 films [29] 

Gas-sensing 
interaction of gas with polyaniline Langmuir-Blodgett films 

[25] 
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Filed of Studies Application 

Gas-sensing 
remote sensing of tetrachloroethene with a micro-fiber 

optical gas sensor [24] 

Biosensor analyze sequential biomolecular recognition events [36-38] 

Biosensor characterized phospholipid bilayers [48] 

Biosensor 
degration and hydration properties of polymeric interfaces 

[49-52] 

Biosensor 
determination of kinetic rate constants of ligand-binding 

events [39] 

Biosensor 

determined isotype mesurements of 10 monoclonal 

antibodies comparing SPR with enzyme-linked 

immunoassays (ELISA) [45] 

Biosensor determine the conformational states of the viruses [42] 

Biosensor estrogen receptor-alpha interaction with DNA [33] 

Biosensor interaction between biotin and avidin or streptavidin [40, 41] 

Biosensor 
interaction of transforming growth factor-alpha with the 

epiaction growth factor extracellular domain [34] 

Biosensor 
a adsorption of albumin and IgG to SAM-modified silver and 

gold [46, 47] 

Biosensor 
kinetic of assembly and dissociation of human leucocyte 

antigen (HLA) class I hetertrmeric complex [35] 

Biosensor 
measurement the affinity kinetics of a monoclonal antibody 

binding to tobacco mosaic virus and related peptides [43] 

Biosensor 
measurement the antigen binding and domain interactions of 

recombinant anti-Z-DNA [44] 

Biosensor quantification of human IgE [31] 

Biosensor streptavidin arrays as supramolecular architectures [26] 

Solid 
determination of a function of doping and temperature of 

high temperature superconductors (HTSC) [30] 
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CHAPTER III 

SURFACE PLASMON RESONANCE THEORY 

 

 

3.1 Mathematical Treatment 

        The practical and commonly used method by which to excite surface plasmon 

was initially investigated by Kretschmann and Raether. In the Kretschmann 

configuration, the incident light falls on through a prism under total reflection 

condition and onto a metal film evaporated onto the base of the prism. The SPR 

system is composed of a prism, a gold film and a sample. The sequences of the optical 

media from prism to buffer are denoted by medium 1, 2, 3, 4 and 5. The symbols x 

and z are the directions of the coordinate system for the optical system as shown in 

Figure 3.1. 

Figure 3.1 Propagation of an electromagnetic wave through a homogeneous film. 
 

        3.1.1 Maxwell’s Equations 

        In general, electric and magnetic fields are vector quantities that have both 

magnitude and direction. The relations and variations of the electric and magnetic 

fields, charges, and current associated with electromagnetic waves are governed by 

physical laws, which are known as Maxwell’s equations. These equations, as we have 

indicated, were arrived at mostly through various experiments carried out by different
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investigations, but they were put in their final form by James Clerk Maxwell, a 

Scottish physicist and mathematician. 

        Maxwell’s equations in differential and integral form are summarized and listed 

in Table 3.1 [53, 54]. 

 

Table 3.1 Maxwell’s equations and the continuity equation in differential and 

integral forms for time-varying fields 

Meaning Integral form Differential form 
Faraday’s 

induction law: 

time-varying 

magnetic 

fileds generate 

an electric 

field 

∫∫∫ ∫∫ ⋅
∂
∂

−⋅−=⋅
SC S i sdB

t
sdMldE vvvvvv

  
t
BME i ∂
∂

−−=×∇
v

vv
     (3.1a)

Ampere’s law 

with 

Maxwell’s 

supplement 

: time-varying 

electric fields 

generate a 

magnetic field 

∫∫∫∫∫ ∫∫ ⋅
∂
∂

+⋅+⋅=⋅
SS cC S i sdD

t
sdJsdJldH vvvvvvvv

t
DJJH ci ∂
∂

++=×∇
vvv

  (3.1b)

displacement 

flux through 

surface equals 

the enclosed 

electric charge 

eS
qsdD =⋅∫∫

vv
  evD ρ=⋅∇

v
           (3.1c)

solenoidality 

of magnetic 

field 
mS

qsdB =⋅∫∫
vv

  mvB ρ=⋅∇
v

           (3.1d)

   

The definitions and units of the quantities are 

 E
v

 = electric field intensity (volts / meter) 

 H
v

 = magnetic field intensity (amperes / meter) 
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 D
v

 = electric flux density (coulombs / square meter) 

 B
v

 = magnetic flux density (webers / square meter) 

 iJ
v

 = impressed (source) electric current density (amperes / square meter) 

 cJ
v

 = conduction electric current density (amperes / square meter) 

 iM
v

 = impressed (source) magnetic current density (volts / square meter) 

 evρ  = electric charge density (coulombs / cubic meter) 

 mvρ  = magnetic charge density (webers / cubic meter) 

 eq  = total electric charge (coulombs) 

 mq  = total magnetic charge (webers) 

 

Materials contain charged particles. When these materials are subjected to 

electromagnetic fields, their charged particles interact with the electromagnetic field 

vectors, producing currents and modifying the electromagnetic wave propagation in 

these media (compared to that in free space). Maxwell’s equations must be 

supplemented by relations, which describe the behavior of these charged particles 

under the influence of the field. These relations are known as constitutive relations (or 

material equations), which characterized by the conductivity σ (mhos / meter or 

siemens / meter), the permittivity of the material ε  (farads / meter), the permeability 

of the material µ  (henrys / meter) 

 PEED
vvvv

+== 0εε  (3.2) 

where 0ε  is the permittivity of free space, πε 361010854.8 912
0

−− ≈×=  F/m, rε  is 

called the relative permittivity or dielectric constant, defined in 0εεε =r , and P
v

 is 

polarization (coulombs / meter square) 

 )(0 MHHB
vvvv

+== µµ  (3.3) 

where 0µ  is the permeability of free space, 7
0 104 −×= πµ  H/m, rµ  is the relative 

permeability of  the material, and M
v

 is the magnetization (amperes / meter) 

 uEJ evc
vvv

ρσ +=  (3.4) 

where uv  is a velocity of charge, of density evρ . 
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        3.1.2 Wave Vector of Surface Plasmons 

                The coupling surface plasmon with photon is concerned with the excitation 

of plasmon surface polaritons (PSPs) at the interface between a noble metal and a 

dielectric medium. A polariton is known as the quantum of the coupled phonon-

photon transverse wave field. The free electron gas in the metal acts as a resonator 

driven by the incoming photon field, giving rise to substantial intensity enhancements 

compared to the mere dielectric configuration of Figure 3.1 [15]. 

                To consider an interface in the xy-plane between two half-infinite spaces, 1 

and 2, of materials the optical properties of which are described by their complex 

frequency-dependent dielectric functions )(~
1 ωε r  and )(~

2 ωε r , respectively, with non-

magnetic materials [55, 56]. Surface polaritons can only be excited at such an 

interface by transversal magnetic (TM- or p-polarized) modes because the surface 

charge induce the discontinuity of the electric field in the surface normal z-direction. 

Transversal electric (TE- or s-polarized) waves propagating along the x-direction 

possess only electric field components, parallel to the surface (y-direction), i.e. TE 

waves have )0,,0( yEE
vv

= , and hence are unable to excite surface polaritons. Only p-

polarized light with ),0,( zx EEE
vvv

= , or, equivalently, )0,,0( yHH
vv

= , can couple to 

such modes [57]. The electric and magnetic field in medium 1 (air, 0>z ) are given 

by 

 )(
111

11)ˆˆ( tzkxki
zzxx

zxeaEaEE ω−++=
v

 (3.5a) 

 y
tzkxki

y aeHH zx ˆ)(
11

11 ω−+=
v

 (3.5b) 

and medium 2 (metal, 0<z )  

 )(
222

22)ˆˆ( tzkxki
zzxx

zxeaEaEE ω−−+=
v

 (3.6a) 

 y
tzkxki

y aeHH zx ˆ)(
22

22 ω−−=
v

 (3.6b) 

                Since the tangential component of electric field must be continuous at the 

interface ( 0=z ). The only way this boundary condition will be satisfied by the waves 

in equations (3.5) and (3.6) for all x-direction is that  

 xxx kkk == 21  (3.7) 
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From this condition, we can get 

 21 xx EE =  (3.8) 

 21 zz EE =  (3.9) 

 21 yy HH =  (3.10) 

From equation (3.1b) with no impressed electric current, 0≈cJ
v

, and constitutive 

relations 
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Consider the x-direction of the above equation 

 11011
~

xryz EiHik εωε=  (3.12) 

 22022
~

xryz EiHik εωε−=  (3.13) 

From equation (3.8) give 

 20
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yz
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yz HkHk
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and equation (3.10) give 

 
2

2

1

1
~~
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z

r

z kk
εε

−=  (3.14) 

From Equations cnvk ///2 ωωλπ === , and rn ε~~ ≈ , where n~  is complex 

refractive index. 
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 2
2

2

2
2
2

~
zrx k

c
k −⎟

⎠
⎞

⎜
⎝
⎛=
ωε  (3.16) 

From equation (3.7), (3.14), and (3.16) give 
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Substitute equation (3.17) into equation (3.15) 
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If we remind that 111
~ εεε ′′+′= i , 22
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If we assume besides a real ω  and 2ε  that 11 εε ′<′′ , we obtain a complex xxx kikk ′′+′=  

with 
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                The surface plasmon decay in x-direction can be evaluated from xk ′′  because 

the intensity decreased as xkxe ′′−2 . The decay length l  may be obtained as 
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 (3.24) 

 

 
Figure 3.2 Total internal reflection of a plane wave of wavelength λ and intensity Iin. 

[15] 

 

                The decay length l  is the key parameter to carry out a SPR imaging 

measurements [58]. 

 
Figure 3.3 The wave penetrates into the medium [57]. 

 

                In the z-direction the dielectric filed of the surface plasmon decays 

exponentially as zkzie− , normal to the surface. The value of the (skin) depth at which 

the field falls to 1/e, become 

 
zik

z 1ˆ = . (3.25) 

If we assume 11 εε ′<′′ , the depth become 

in the metal with 1ε : 
21

2
1

21
1̂ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +′
≈

ε
εε

ω
cz  (3.26) 
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in the medium with 2ε : 
21

2
2

21
2ˆ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +′
≈

ε
εε

ω
cz  (3.27) 

021 <+′ εε  then zik  is purely imaginary. For He-Ne laser light (632.8 nm) on the gold 

surface obtains 1ẑ =32 nm, 2ẑ =285 nm. 

                Form the k
v

 component of equation (2.11) in z-direction 

 11011
~

zryx EiHik εωε−=  (3.28) 

 22022
~

zryx EiHik εωε−= . (3.29) 

                Form x-direction of equation (2.11-2.12) and equation (2.31-2.32) 
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                At large xk , iz~  is given by about xk1  leading to a strong concentration of 

the field near the surface in both media. 

                At low xk  or large 1ε ′  values, the field in air has a strong (transverse) 

component zE  compared to the (longitudinal) component xE , namely 

21
1ε ′−= iEE xz  and extends far into the air space; it resembles thus a guided photon 

field (Zenneck-Sommerfeld wave). In the metal, zE  is small against xE  since 

21
1
−′= εiEE xz . These relations are derived from 0=⋅∇ E , valid outside the surface 

air/metal. At large xk  both components xE  and zE  become equal: xz iEE ±=  (air: +i, 

metal: -i). 

 

3.2 Surface Plasmon Resonance Curve by Fresnel Formulae 

        The relation of reflectivity (R) and angle of incidence ( 0θ )can be evaluated via 

Fresnel Formulae as follows [59]: 
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Fresnel formulae:  ||
2112

2112
|| coscos

coscos A
nn
nnR

θθ
θθ

+
−

=  (3.32) 

 ε=n  (3.33) 

and condition that the tangential components of the propagation vectors be continuous 

(called the phase matching conditions), as Figure 3.1, 

 2211 sinsin θθ kk =  (3.34) 

we get 
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where m=1,2,3,…, M-1, and M is the total number of layers, we get 
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reflectivity coefficient 
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where mMmMmMmM d −−−− = θε
λ
πβ cos2  
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 1
2

1 sin2 θεε
λ
π

−= −− mMmMd  (3.41) 

where m=1,2,3,…, M-2. 

The reflectivity is given by 

 
2

,1 MrR =  (3.42) 

 

3.3 Dispersion Relations for Surface Plasmons 

        In Figure 3.4, the dispersion relations of surface plasmons at the metal/vacuum 

and metal/dielectric interfaces are plotted. Within the area between light (vacuum) 

line (dash-dot-dot) and light (prism) line (short dash-dot), the surface plasmons can be 

excited by the attenuated total reflectance (ATR) method at both interfaces [60]. An 

excitation is possible via irradiation with electrons since the momentum transfer is 

varied inside the solid by variation of the scattering angle. In order to couple light to 

surface plasmons an increase in the wave vector by xk∆  is necessary for given photon 

energy (corresponding to a rotation of the light line to the right in Fight 3.4). This may 

be achieved by modification of the surface with a lattice structure or more generally 

by invoking surface roughness, which adds additional reciprocal lattice vectors to the 

initial wave vector of the light [61]. 

 

Figure 3.4 Schematic dispersion diagrams 
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Figure 3.5 SPR curves of the vacuum and water. 

 

        The dispersion curves for metal/vacuum and metal/dielectric interface are 

exemplified. The shaded circles show the position, whereas the SPR take places. Due 

to the frequency of the light source ( 0ω ) is fixed, xk  is changed by variation of 

incidence angle. The first and second shaded circles relate to the angle of incidence 1θ  

and 2θ  respectively, as shown in Figure 3.5. In this case, the dielectric is water.   

        Considering the reflectance of the SPR curves of the vacuum and water, we 

found the difference of the minima reflectance, where SPR occurred ( 1θ  and 2θ ), as 

called SPR angle. 
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CHAPTER IV 

SURFACE TREATMENT AND APPARATUS 
 

 

4.1 Preparation of Sensor Chip 

        Surface plasmon resonance (SPR) technique is highly sensitive for detecting any 

material on surface by measurement the optical property or mass changes. However, 

this technique is non specific to identify the exact kind of chemicals or biomolecular 

molecules. Therefore, we had to develop a more specific detection method of 

biosensor chip by using leptospiral bacteria as a model. 

 

        4.1.1 Materials 

                4.1.1.1 Buffers and Chemical 

        Deionized and free organic water, H2O 

                Deionized water obtained from the Central Instrument Facility (CIF), 

Faculty of science, Mahidol University was used as purified water (maximum 

resistivity of 18.2 MΩ/cm at 25 °c). 

                Organic contaminants include pesticides, herbicides, decayed plant and 

animal tissues, gasoline (centuries old decayed plant and animal tissue), and 

plasticizers (made from petroleum products).  Plasticizers leach out of plumbing lines, 

fittings and storage tanks, so ironically, the purification system itself can contaminate 

the water if it is not properly constructed. The absence of organic substances is 

especially important in research that involves tissue cultures, and also in HPLC (high 

performance liquid chromatography), gas chromatography, electrophoresis, and 

fluoroscopy [62]. 

 

        Ethyl alcohol or Ethanol (EtOH) <!>, 99.9% of CH3CH2OH, has 46.07 of 

molecular weight. This chemical was purchased from Mallinckrodt. 

 

CAUTION: Please see Appendix B for appropriate handling of materials marked with <!>. 
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        Diethyl ether (Ether) <!>, Et2O or (C2H5)2O, has 84.18 of molecular weight. 

This chemical was purchased from Lab-Scan Analytical Sciences. 

        11-Mercaptoundecanoic acid (MUA) <!>, C11H22O2S, has 218.36 of molecular 

weight. This chemical was purchased from Aldrich. It was diluted in ethanol to 1 mM. 

 

        0.01 M Phosphate-buffered saline (PBS) 

                pH 7.2 

                0.514 g NaH2PO4·2H2O 

                0.951 g Na2HPO4 (anhydrous) 

                8.5 g NaCl 

                Add H2O to 1 liter 

                By varying the amount of each salt, a range of buffers can be prepared that 

buffer well between pH 5.8 and pH 8.0. 

 

        Poly-L-lysine hydrobromide (PLL) <!>, with the molecular weight of 1,000 - 

4,000 g/mol.  

NH C
CH2CH2CH2CH2NH2 H

C
O

n

 

BrH.

 
Figure 4.1 Chemical Formula of PLL 

 

                It is diluted in PBS, and adjusted 100 µg/mL PLL with 50 mM Na2CO3 in 

H2O to pH 9.5.  It is available commercially from Sigma as a 0.5% solution in H2O. 

 

        N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) 

<!>, C8H17N3· HCl, [FW 191.70 g/mol]. This chemical was purchased from Fluka. It 

was diluted in water to 75 mM. 

 

        N-Hydroxysuccinimide (NHS) <!>, C4H5NO3, [FW 115.09 g/mol]. This 

chemical was purchased from Fluka. It was diluted in water to 15 mM. 

 

 
CAUTION: Please see Appendix B for appropriate handling of materials marked with <!>. 
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        Bovine serum albumin (BSA) 

                This serum, obtained from Pathobiology Department, is used as the 

blocking agent. 

 

        Ethanolamine (Ethanolamine) <!>, [MWt 61.08 g/mol]. This chemical was 

purchased from Fluka. It was diluted in water to 1 M. 

 

        Lens washing solution <!> 

                This is mixture of ethanol and ether (1:2). Wipe the half circular prism, 

which is stained with the index matching gel. 

 

        Index matching gel 

                Cargille's BK 7 glass Matching Liquid (Cargilles Labs, USA) with 

refractive index 1.5167 was used in this study. The solution was applied between the 

half circular prism and sensordisk-gold, which were made from BK7 glass. This was 

done in order to avoid an interference at the interfaces. 

 

                4.1.1.2 Basis of Immunology 

                        The protective factors produced following immune responses were 

found in serum and called antibodies by Emil von Behring in 1890. In 1930, 

Heidelberger showed that antibodies are proteins, for example when pneumococcal 

polysaccharide antigens were added to antiserum, will formed a precipitate. 

                        Immunity is brought about in the host through a variety of leukocytes 

(white blood cells), including immune cell, such as macrophages and lymphocytes, 

which derived from undifferentiated stem cells in the bone marrow. Leukocytes can 

leave the bloodstream and patrol the tissues to combat invading agents [64]. 

                        For determination of antibodies, electrophoresis can be used to 

characterize by their different electrophoretic mobility. A serum will be separated 

under an electrical power. The positively charged protein molecules are attracted 

toward the cathode, the neutral molecules remain stationary, and the negatively 

charged molecules are attracted toward the anode, which each protein moves at a rate 

dependent on its net charge. 

CAUTION: Please see Appendix B for appropriate handling of materials marked with <!>. 
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Figure 4.2 Electrophoresis of a serum sample on strip of cellulose acetate. It can be 

resolved into about ten distinct bands in this way [65]. 

 

                        When serum is electrophoresed, it consistently separates into four 

major fractions. The most negatively charged fraction consists of a single protein 

called serum albumin. The other three major fractions are classified into α, β, and γ 

globulins according to their electrophoretic mobility as shown in Figure 4.2. Antibody 

activity is mainly found nearest to the cathode, the γ globulins, although some type of 

antibodies are found among β globulins region. Because antibody proteins belong to a 

class of glycoproteins called immunoglobulins (Ig) [65]. 

                        The fundamental structure of immunoglobulins was first established by 

Gerald Edelman and Rodney Porter. Each chain is made up of identifiable domains; 

some are constant in sequence and others are variable. The constant domains have a 

characteristic structure known as the immunoglobulin fold. There are three constant 

domains in each heavy chain and one in each light chain. The heavy and light chains 

also have one variable domain, in which most of the variability in amino acid residue 

sequence is found. The variable domains associate antigen-binding site [64]. 

                        Antibody molecules called isotypes or class are named IgA, IgD, IgE, 

IgG, and IgM (Figure 4.3). In humans, IgA and IgG isotypes can be subdivided into 

subclasses or subtypes, called IgA1 and IgA2, and IgG1, IgG2, IgG3, and IgG4, 
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respectively. The heavy chain C regions of all antibody molecules of one isotype or 

subtype have essentially the same amino acid sequence. This sequence is different in 

antibodies of other isotypes or subtypes. Heavy chains are designated by the letter of 

the Greek alphabet corresponding to the overall isotype of the antibody: IgA1 

contains α1 heavy chains; IgA2, α2; IgD, δ; IgE, ε; IgG1, γ1; IgG2, γ2; IgG3, γ3; 

IgG4, γ4; and IgM,  µ. 

 

 
Figure 4.3 Schematic diagrams of various Ig isotypes are shown with depictions of Ig 

domain structure. IgG and IgE circulate as monomers, whereas secreted 

forms of IgA and IgM are dimmers and pentamers, respectively, stabilized 

by the joining (J) chain. (Some IgA molecules are trimers, not shown.) Ig, 

immunoglobulin [66]. 

 

                        IgG plays a major role in antibody-mediated defense mechanism, 

because of their highest concentration in blood (Figure 4.4). It will weight about 160 

kilodalton and γ heavy chains. Because of its relatively small size, IgG can escape 

from blood vessels more easily than other immunoglobulins. Therefore, it participates 

in specific defense mechanism of tissue spaces and body surface, by opsonization, 

agglutination or precipitation of antigens but it can activate classical complement 

pathways whit multiple IgG molecules that accumulated in a correct configuration to 

the antigen surface. 
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Figure 4.4 Various immunoglobulins classes found in human. The underneath 

numbers are the average serum concentrations in mg/dl [65]. 

 

                        Primary immune responses result from activation of previously 

unstimulated naive B cells, whereas secondary responses are due to stimulation of 

expanded clones of memory B cells. Thus, secondary immune response, a larger 

amount of antibodies is produced (see Figure 4.5). Heavy chain isotype switching and 

affinity maturation also increase with repeated exposures to antigens. 

 

 

 
Figure 4.5 Kinetics of primary and secondary humoral immune responses. 
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                        Antibodies may be expressed in secreted or membrane-associated 

forms, which differ in the amino acid sequence of the carboxyl terminal end of the last 

constant heavy chain (CH) domain. In the secretory form, found in blood and other 

extracellular fluids, the CH sequence terminates with charged and hydrophilic amino 

acid residues. The membrane form of antibody, found only on the plasma membrane 

Figure 4.6 Membrane and secreted forms of immu-

noglobulin heavy chains. In this figure, the membrane 

forms of the Ig heavy chains, but not the secreted forms, 

contain characteristic transmembrane regions and 

cytoplasmic domains that differ significantly among the 

different isotypes. The cytoplasmic portion of the 

membrane form of the γ3 chain contains 28 residues. 

The carboxy tail piece of the secreted forms also differs 

among isotypes: γ3 has a short tail piece (3 residues). 

Amino acids are shown in the three-letter code, and 

charged residues, found only in extracellular or 

cytoplasmic regions, are marked + or -; the numbers in 

parentheses indicate the amino acid residue of the 

carboxy terminus of the last Ig domain in each isotype 

shown (i.e., Cγ3). Ig, immunoglobulin [66]. 
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of the B lymphocytes that synthesize the antibody, has CH domains with carboxyl 

terminal sequences that include 26 amino acids with hydrophobic side chains 

followed by variable numbers of basic amino acid residues (see Figure 4.6). IgG has a 

relatively globular Y shaped structure of height 12 nm [67]. 

                        In this research, we use rabbit anti-Leptospira antibodies (Ab) that 

were mainly IgG class and vary the concentration of the antibodies with PBS. The 

serovar specific antibodies were prepared by Assoc. Prof. Galayanee Doungchawee, 

Pathobiology department, Mahidol University. 

 

                4.1.1.3  Leptospiral Antigens 

                        Leptospira bacteria with microaerophilic are the thinnest (<0.1 µm) 

and tightly coiled (12 to 24 turns) as shown in Figure 4.7. They have hooked ends and 

progressive motion. Leptospira are blood and tissue parasites that can be cultivated in 

media with serum. 

 
Figure 4.7 Morphological comparison of Leptospira [68] 

 

                        Leptospirosis is a zoonotic disease caused by Leptospira interrogans 

comprised of more than 260 serotypes [69]. The leptospires or leptospira used in this 

study is serovar Canicola, Canicola serogroup, interrogans species, and the most 

common found in domestic animal, dog [70]. The leptospiral antigens were prepared 

after optimal growth by washing centrifugation and collecting as whole dead cell as 

antigens in determinations step (see Section 4.4.4). 
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        4.1.2 Metal Surface 

                The glass slide evaporated by gold was purchased from IBIS (the 

Netherlands) [71]. The surface area of SensorDisk is approximately 9.62 cm2, as 

shown in Figure 4.8. 

 
Figure 4.8 The normal coating of IBIS-gold SensorDisk. 

 

                In general, the sensor surface is prepared by evaporating the glass slide with 

5 nm of chromium followed by 50 nm of gold [72]. The refractive index of the gold 

(nAu) is given by [73] 

)1048485.30468757.01691.17()065272.03723.30( 25λλλ −×+−+−= inAu . (4.1) 

                In these experiments, the IBIS-gold SensorDisks consist of at least three 

layers. In Figure 4.9 show the evaporation of overlapping metal layer.  Denoted 

“Layer 1”, “Layer 2”, and “Layer 3” represent the top, middle, and bottom layer of 

Figure 4.9 IBIS-gold SensorDisks was in evaporating error. Top panel: the front 
sensor surface. Bottom panel: turn over the sensor that is contained in 
box. 
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the disk respectively by looking at a back of the sensor, as shown in bottom panel in 

Figure 4.9. On the other side, denoted “Layer 1”, “Layer 2”, and “Layer 3” represent 

the bottom, middle, and top layer respectively when look at a front of sensor, as 

shown in top panel in Figure 4.9. The properties of each layer can be evaluated by 

ellipsometer. These are important to calculate in numerical analysis. The sensors have 

smudge on back of glass slide, so they are cleaned by lens washing solution. 

 

4.2 Surface Plasmon Resonance Spectroscope 

        The SPR setup is built by electro-optics section, National Electronics and 

Computer Technology Center (NECTEC).  

 

        4.2.1 Hardware 

 
Figure 4.10 Surface plasmon resonance spectroscope setup 

 

                Laser diode (Semiconductor laser [74]) was purchased from Edmund 

Optics Inc. The specifications of instrument as shown below; 

 Laser Material GaAsP 

 Wavelength 670 ±10 nm 

 Beam Diameter 5mm x 2mm with mask 

 Beam Divergence <0.5 mrad 
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 Focusing Range 20 mm to Infinity 

 Beam Size at Nearest Focus <100 microns 

                Micro Mini Rotary Motorized Stages was purchased from Edmund 

Optics Inc. The specifications of instrument as shown below [75, 76]; 

Rotation 360°  Counts 204,800 per 360°

Repeatability ±40 arc sec.  Rotor backlash 0 

Accuracy ±80 arc sec.  Top Load Capacity 2 kg 

 

                Computer Control Single Axis Standard Motorized Stages was 

purchased from Edmund Optics Inc. Use RS-485 Communication Port (RS-232 to 

RS-485 Adapter Included) 

 

                Half Circular Prism is glass type BK7. The index of refraction data were 

obtained by using the dispersion formula.  
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Here λ, the wavelength, must be in micrometers, and the dispersion constants B1 

through C3 were obtained by using the constants listed below. 

 B1 = 1.03961212 C1 = 6.00069867×10-3 

 B2 = 2.31792344×10-1 C2 = 2.00179144×10-2 

 B3 = 1.01046945 C3 = 1.03560653×102 

                Note that the dispersion formula is valid only within 350 – 2350 nm of the 

wavelength. It can be used to interpolate refractive index at other wavelengths within 

Figure 4.11 Percent external transmittance versus wavelength for glass type BK7. 
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this range (to a precision of 1×10-5 or better), but it should not be used to extrapolate 

to wavelengths beyond this range. Furthermore, the actual melt-to-melt tolerance on 

the index of refraction typically is about ±0.001 [77]. 

 

        4.2.2 Data Processing 

                Software is run on the Labview 6.0i program [78]. There are two interface 

programs for applying to SPR spectroscope. The program was developed by 

Ratthasart Amarit, atElectro-Optics Laboratory, National Electronics and Computer 

Technology Center (NECTEC). The front end and the flowchart are shown in the Figure 

4.12, 4.13, 4.14, and 4.15 respectively. Second program is modified, from SPR curve 

program, by Jarupat Disrattakit. This program is used for kinetic study, or monitor 

SPR angle and minimum reflection intensity. The front end and flowchart of second 

program is shown in Figure 4.16 and 4.17 respectively. 

 

                4.2.2.1 Screening and Programming of SPR Curve Program 

 
Figure 4.12 The initialized screen is denoted by “1”. This number is related to the 

flowchart in zone 1 as Figure 4.15 and 4.17. 

 

1 
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Figure 4.13 The definition of boundary variable screen is denoted by “2”. This 

number is related to the flowchart of SPR curve program in zone 2. 

 

 
Figure 4.14 The SPR curve preview screen is denoted by “3”. This number is related 

to the flowchart of SPR curve program in zone 3. 

2 

3 
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Figure 4.15 The procedure for SPR curve programming.  

 

                4.2.2.1 Screening and Programming of Kinetic Study Program 

 
Figure 4.16 Top panel: the monitoring of SPR angle change as time. Bottom panel: 

the monitoring of minimum reflection intensity. The procedure of this 

program is shown in automation part in Figure 4.17 and subroutines part 

in Figure 4.18. 
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Figure 4.17 The procedure for kinetic study programming. The variables in program, 

are constant, are evaluated before running. The valuations of variables 

depend on the capacity of machine and the setup putting.   
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Figure 4.18 The procedure for kinetic study programming in subroutines part. 

 

4.3 Flow System 

        The flow system consists of the tubing pump system and the flow cell (see 

Figure 4.19). The variable-speed drive can vary adjust motor rate from 7 to 200 round 

per minute on scale number 1 to 10. The head pump, is model 77200-50, is supported 

the pump tubing [79]. The pump tubing has inside diameter 3.1 mm, and is made of 

Figure 4.19 Tubing pump system and the flow cell. 
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viton. All instruments were purchased from Masterflex, USA. The flow cell was made  

by Electro-Optics Laboratory, National Electronics and Computer Technology Center 

(NECTEC). The volume of the chamber with cover is approximately 2.5 ml. 

 
Figure 4.20 Flow cell installation. The sensordisk-gold was mounted on top of the 

prism. 

 

        The sensordisk-gold is fixed by mask as shown in Figure 4.20. Before place 

sensordisk-gold on prism, the index matching gel is dropped on the prism surface for 

ridding the gab. The flow rate is about 1.6 ml/min, and the direction of flow as shown 

in Figure 4.20. 

 

4.4 Immobilization of the antibody onto the sensor chip surface 

        4.4.1 MUA attachment 

 
Figure 4.21 MUA is dropped on the gold surface for at least 18 hours to ensure a 

complete formation of the monolayer [80]. 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc.(Physics) / 45  

 

4.
4.

2 
N

on
-c

ov
al

en
t B

in
di

ng
 S

ur
fa

ce
 

Fi
gu

re
 4

.2
2 

A
n 

am
in

e 
gr

ou
p 

of
 th

e 
PL

L 
re

ac
ts

 w
ith

 a
 c

ar
bo

xy
lic

 a
ci

d 
gr

ou
p 

of
 th

e 
M

U
A

 to
 fo

rm
 a

n 
el

ec
tro

st
at

ic
 b

on
d.

 

PL
L 

is
 a

tta
ch

ed
 to

 th
e 

M
U

A
 s

ur
fa

ce
 f

or
 3

0 
m

in
ut

es
. S

ub
se

qu
en

t r
ea

ct
io

n 
w

ith
 A

b 
oc

cu
rs

 f
or

 3
0 

m
in

ue
ts

; 

du
rin

g 
th

is
 ti

m
e 

th
e 

re
m

ai
ni

ng
 a

m
in

e 
gr

ou
ps

 o
f t

he
 P

LL
 re

ac
t w

ith
 th

e 
ca

rb
ox

yl
ic

 a
ci

d 
gr

ou
ps

 o
f t

he
 A

b 
to

 

fo
rm

 a
n 

io
ni

c 
bo

nd
 [7

2]
. 



Jarupat Disrattakit  Surface Treatment and Apparatus / 46 

 
Figure 4.23 Blocking the unreacted amine groups with BSA. 

 

        4.4.3 Covalent Binding Surface 

 
Figure 4.24 Schematic illustration of the Ab immobilization on the MUA surface 

[81]. 
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                Amine coupling introduces NHS esters on the surface of MUA with a 

mixture of NHS and EDC. The activated NHS esters can react spontaneously with 

amine on the Ab protein to form covalent bond for 30 minuets. After coupling 

reaction of Ab to activated surface, ethanolamine was used to deactivate the unreacted 

esters. The schematic illustration of the immobilization procedures is described in 

Figure 4.24 [82]. 

 

        4.4.4 Antigen Adsorption 

                After the antibody was adsorbed onto the ligands, is amine or carboxylic 

groups. Then, the antibody surface was blocked the uureacted site. The antigen was 

dropped onto this specific surface. 
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CHAPTER V 

RESULTS AND DISCUSSIONS 
 

 

5.1 Surface Functionalization Creating the Charged Surface 

        11-Mercaptoundecanoic acid (MUA) was adsorbed onto the gold surface.  This 

was done in order to convert the gold surface into a carboxylate surface.  The 

adsorption was monitored by SPR. The results of MUA absorption are shown in 

Figure 5.1 and Table 5.1.  

 
 Figure 5.1 SPR angle of bare gold surface and MUA treated surface in PBS and 

ethanol solution 

 

Table 5.1 Mean of SPR angles with standard deviations of bare gold surface and 

MUA treated film. 

 SPR Angle 

 Bare Gold MUA Film 
P value 

Air 45.999 ± 0.388° 46.822 ± 0.535° 0 

Water 74.863 ± 0.752° 75.625 ± 0.798° 7.4601×10-5 

PBS 75.207 ± 0.479° 75.565 ± 0.241° 1.4157×10-1 

Ethanol 79.818 ± 0.342° 80.599 ± 0.260° 0 
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        The probability value (P value) is compared with the significance level and, if it 

is smaller (P value < 0.05), the result is significant [92]. 

 

5.2 Non-Covalent Binding Surface 

        Poly-L-lysine (PLL) was used as the adsorbed cationic layer which is used for 

fixing an antibody onto the sensor surface. 

 
Figure 5.2 SPR angle of preparation of non-covalent (or positively charged) binding 

surface in PBS. 

 

The chemical structure of PLL is shown below 
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Figure 5.3 Structure of PLL 

 

The NH3
+ group of PLL is interacting with the carboxylic acid groups of the MUA 

and leaving the non interacting NH3
+ for the next layer. PLL is known to bind to 
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tumor cells with high affinity both in vivo and vitro and can serve as a primary 

component in the construction of the binding layer for antibody and protein [80].  

Bovine Serum Albumin (BSA) will be used as the blocking layer to prevent a non-

specific binding which may arise from the free NH3
+ group on the surface. 

 

Table 5.2 The average SPR angle of non-covalent binding surface preparation in PBS. 

 
 

        5.2.1 Characterization of Non-Covalent Binding Surface with BSA Blocking 

by SPR Spectroscopy 

 

 
Figure 5.4 Expanded viewed of the experimental SPR curves for positively charged 

surface with BSA. 

 

                In Figure 5.4, the MUA was adsorbed onto the gold substrate from 1mM 

ethanolic solutions. The adsorption was done until no change in the SPR angle was 

observed, around 6 hours 35 minutes. The film was rinsed with deionized water (DI 

water) and phosphate-buffered saline (PBS) in order to wash physisorbed. PLL, 
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antibody, and BSA were sequentially adsorbed onto the MUA monolayer with 

equilibrated time of 35, 39, and 33 minutes, respectively. The sample was washed 

with PBS. 1 µL of rabbit anti-Leptospira antibodies were diluted in 1000 µL of PBS 

solution and will be used in this study. Various dilutions of Leptospiral samples were 

incubated onto the surface for 1 hour. All of the results are shown in Figure 5.5. 

 

 
Figure 5.5 The SPR curves for antigen adsorption at different dilution.  The film was 

washed with PBS and left for a measurement. 

 

                Antigen solution consists of canicola serovar at various dilution in PBS 

which are 1000, 100, and 2 µL, Figure 5.5. The change of the SPR angle is increased 

as the equilibration time is increased.  These phenomena were caused by aggregation 

of the antigen on the sensor surface. In Figure 5.5 an increase of the antigen 

concentration also leads to the further shift of the SPR angle. For example, in the 

dilution of 1:1000 (black circle), 1:100 (black triangle down), and 1:2 (black square) 

of antigen sample give the SPR angles of 76.063°, 76.099°, and 76.176°, respectively. 

This is due to a greater number of the antigen is adsorbed on the surface. 
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        5.2.2 Uniformity of Sensor Surface 

                The shifted of SPR angle depends on the changed of the optical property, 

the refractive index or thickness, of the film. On the other side, it depends on the 

concentration or mass of substance, which is attached onto the gold surface. The 

uniformity of the film can be observed by varying of the detecting position. 

 

 
Figure 5.6 Position of detecting. 

 

 The reference position is at 15.5 mm which is located at the middle of the 

surface. The measurements were done along the line perpendicular to the set up. 

Those are labeled as 11.0, 12.5, 14.0, 15.5, 17.0, 18.5, and 20.0 mm. The results are 

shown in Table 5.3. 

 

Table 5.3 The value of SPR angles. 

  BSA Antigen (1:1000) 

SPR Angle 75.949 ± 0.023° 75.935 ± 0.016° 
11.0 mm 

P Value 0.1001916027 

SPR Angle 75.937 ± 0.039° 75.925 ± 0.007° 
12.5 mm 

P Value 0.2902346333 

SPR Angle 76.078 ± 0.013° 76.058 ± 0.022° 
14.0 mm 

P Value 0.0205050068 

SPR Angle 76.099 ± 0.017° 76.084 ± 0.009° 
15.5 mm 

P Value 0.0209122020 

SPR Angle 76.116 ± 0.005° 76.081 ± 0.014° 
17.0 mm 

P Value 1.592×10-7 

SPR Angle 76.058 ± 0.009° 75.973 ± 0.015° 
18.5 mm 

P Value 0 
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Table 5.3 (cont.) 

  BSA Antigen (1:1000) 

SPR Angle 76.040 ± 0.006° 75.925 ± 0.006° 
20.0 mm 

P Value 0 

                Table 5.3 shows the changed of the SPR angles. It is shown that the BSA 

shows a higher affinity toward the adsorption on the surface than antigen. 

 

        5.2.3 Characterization of Non-Covalent Binding Surface without Blocking 

Layer 

                A similar experiment was carried out without the blocking layer.  The 

results are presented in Section 5.2.1 and 5.2.2. No adsorption was observed in this 

experiment after the antigen was flowed on the sensor surface, Figure 5.7. 

 
Figure 5.7 The experimental SPR curve for a antigen absorption with no BSA 

blocking in PBS. 

 

                The SPR angle of the gold surface is 74.420°. The MUA, PLL, antibody, 

and antigen were subsequently adsorbed onto the surface with an observed angle at 

74.545°, 74.627°, 75.291°, and 75.253°, respectively. The lack of the binding of 

antigen onto antibody may cause by an improper orientation of the antibody on the 

sensor surface. 
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5.3 Covalent Binding Surface 

        The covalent binding was investigated in this experiment. 

 
Figure 5.8 SPR angle of preparation of covalent (or negatively charged) binding 

surface in PBS. 

 

        The covalently coupled antibody is stable and not subject to a solvent-mediated 

desorption. It also offers a possibility of reusing the sensors.  In this study, an amine 

coupling is selected for antibody immobilization. The N-hydroxysuccinimide esters 

was introduced on the surface of self-assembled monolayer by the modification of 

carboxylic acid group with a mixture of N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS).  The 

activated NHS esters can react spontaneously with amines of the antibody to form an 

amide linkage. After coupling reaction of antibody to activated surface, ethanolamine 

was used to deactivate the unreacted esters. An illustration of the immobilization 

procedures is shown in Figure 4.24 [82]. 

 

Table 5.4 The average SPR angle of covalent binding surface preparation in PBS. 
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        5.3.1 Characterization of Covalent Binding Surface by SPR Spectroscopy 

 
Figure 5.9 Expanded views of the experimental SPR curves for negatively charged 

surface with BSA blocking in PBS. 

 

                The MUA monolayers were self-assembled onto the gold film from 1mM 

ethanolic solutions for 8 hours. The film was rinsed with deionized water (DI water) 

and phosphate-buffered saline (PBS). The mixture of EDC and NHS, antibody, 

ethanolamine, and antigen were adsorbed onto the MUA monolayer by equilibrate the 

solution on  the substrate for 22 hours, 6 hours, 56 minutes, and 19 hours 36 minutes, 

respectively.     The substrated was rinsed with PBS every time when the solution was 

changed. Antibody and antigen used these experiments were diluted by 1000 µL of 

PBS with 1 µL of rabbit anti-Leptospira antibodies, and canicola serovar, L. 

interrogans species, respectively, Figure 5.9. The solution of antibody and antigen 

were prepared by pathology laboratory. After ethanolamine absorption, the SPR angle 

was decreased. This result is discussed in Section 5.3.3. 
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        5.3.2 Surface Blocking Test 

                5.3.2.1 Antibody Adsorption onto Ethanolamine Film 

 
Figure 5.10 SPR curves of surface blocking preparation in DI water 

 

                        The reactive NHS ester sites were blocked with ethanolamine to 

prevent a nonspecific adsorption.  All SPR curves are reported in Figure 5.10 where 

the adsorptions were measured against DI water background. The sample was dry and 

left in the air for 20 days in order to test the stability of the film. After that, the film 

was rinsed with PBS where the SPR angles changed from 75.618° (blank triangle 

down) to 73.358° (black square) was observed. It is possible that the ethanolamine 

layer still present on the NHS ester surface. The antibody was absorbed onto the 

ethanolamine layers that give rise to a shift in SPR angle. A shift of SPR angle of 

about 0.422° when compare with the SPR angle of the ethanolamine layers in PBS 

(blank triangle down), antibody layers in PBS (blank square). This result interprets as 

the antibody is adsorbed onto the ethanolamine layers. 
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                5.3.2.2 Antigen Absorption onto Ethanolamine Film 

 
Figure 5.11 SPR curves of surface blocking preparation and testing of antigen 

absorption in PBS. 

 

                        The activate surfaces are blocked with ethanolamine prior to 

immersing in the antigen. It was done in order to test for the resistant of the 

ethanolamine layer to a nonspecific binding. The SPR angle is shifted from 74.519° 

(blank triangle down) to 75.986° (black square). This indicates that the antigen can be 

adsorbed onto the ethanolamine layers. This may be due to an incomplete coverage of 

ethanoamine on the surface. 

 

        5.3.3. Process of Associations 

                Figure 5.12 depicts the changed of SPR angle as a function of time. It was 

found that the adsorption of 1 µL of antibody which are diluted in 1000 µL of PBS 

reaches saturation after 3.5 hours at room temperature. One intriguing observation is 

the stepwise nature of the adsorption curve where several plateaus were observed.  

This may originate from a layer-by-layer adsorption of the antibody which gives rises 

to the multilayer. 
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Figure 5.12 The absorption kinetic of the antibody onto the reactive NHS ester layers. 

 

                After antibody was adsorbed onto the reactive NHS ester layers, the surface 

was rinsed with PBS. The remaining reactive NHS ester sites were blocked with 

ethanolamine. The process of the ethanolamine association is shown in Figure 5.13. 

 

 
Figure 5.13 The adsorption kinetic of ethanolamine to passivate an unreacted 

carboxyl groups. 
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                The shift of SPR angle decreases as the ethanolamine was adsorbed onto the 

NHS ester sties.  This is not expected; however, the result is consistent with the 

literatures [81, 83, 84], Figure 5.14. This is possible that there is a changed in the 

refractive index of the film to counteract the changed in the film thickness. 

 

 
Figure 5.14 Immobilization of rhodopsin by binding to concanavalin A (ConA) [84]. 

 

                The antigen was tested against the antibody surface. The association process 

of antigen is shown in Figure 5.15. 

 
Figure 5.15 The adsorption kinetic of the antigen onto the specific surface. 
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5.5 Characterization of Non-Covalent Binding Surface by Contact Angle 

Measurement and Scanning Probe Microscope 

        5.5.1 Hydrophobicities Analysis 

                Contact angle is used for the surface characterization. The contact angle of 

films were measured, with a homemade instrument, and listed in Table 5.5. 

 

 
Figure  5.16 The photography of the water drop on the surface specimens. The 

contact angles, are left and right hand side of the base of the water drop, 

are represented by θ1 and θ2, respectively. The width of the water drop is 

represented by “D”. 

 

        The contact angle measurement was carried out for the non-covalent binding 

[72]. A bare gold surface exposed to a solution of 10 mM MUA for 39 hours, rinsed 

with water, and followed by PBS. The film was then immersed into a solution of 100 

µg/mL of PLL for 97 minutes in 0.05 M Na2CO3 buffered to a pH 9.5. The surface 

was exposed to 1 µL of antibody for 73 minutes in 200 µL of PBS for the last 

treatment. 

 

Table 5.5 The value of the contact angles of the water drop on the several surface 

specimens. 

 Bare Gold MUA layer PLL layer 

θ1 77.5 ± 2.4° 64.0 ± 2.2° 53.7 ± 2.9° 

P value  4.22×10-8 1.2656×10-6  

θ2 77.8 ± 1.6° 63.7 ± 2.2° 55.1 ± 3.3° 

P value  3.3×10-9 2.66877×10-5  

D (mm) 2.82 ± 0.09 3.23 ± 0.05 3.43 ± 0.09 

P value  6.59×10-8 1.045283×10-4  
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          5.5.2 Atomic Force Microscopy Analysis 

                The microscope “SPI3800 Probe Station” with “SPA-400 Multi-Function 

Unit” from “SII NanoTechnology Inc.” with a non-contact (tapping) mode was used 

for this study [85]. The atomic force microscopy (AFM) measures the topography by 

detecting the forces between the tip and the sample. It can be applied to any surface 

but has proved to be a great tool on insulating surface and is a surface-sensitive 

instrument capable of imaging biological samples at nanometer resolution in all 

environments including liquids. The sensitivity of the AFM cantilever, to forces in the 

pico Newton range, has been exploited to measure breakaway forces between 

biomolecules and to measure folding-unfolding forces within single proteins [86, 87]. 

                Previously, the bare gold surface was tested by non-contact mode as in 

Figure 5.17. A left panel shows the bare gold surface imaged. A top-right panel shows 

the cross section of the surface from the line-plots traces as in the left panel (Figure 

5.17). A table in bottom-right panel shows the information of the surface sample from 

line-plots traces. 

 

 
Figure 5.17 The surface analyze panel of the bare gold surface. 

 

                The gold surface was rinsed with absolute ethanol and DI water and dried 

with nitrogen prior to the scanning. Figure 5.18 shows the clean gold surface imaged 

obtained from a non-contact mode. The gold surface shows a roughness which is 

originated from the evaporation process. The grain size is around 7.738 nm2. 
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Figure 5.18 AFM images recorded in air under non-contact mode of the clean gold 

surface. 

 

    
Figure 5.19 MUA absorbed to gold, imaged in air with non-contact mode. 

 

                The MUA monolayers were self-assembled onto the gold films. After the 

MUA solutions were removed from the surface, the MUA films were probed by AFM 

under a non-contact mode as in the left panel (Figure 5.19). The films were rinsed 

with DI water and PBS. The maximum height as in Figure 5.19 changed from 17.11 

nm (before rinsing) to 8.48 nm (after rinsing). The film after rinsed with the PBS 

shows clearer image of the surface. The grain of the gold is still preserved. This is not 
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surprised because the MUA is about 20 Å in length while the grain size of MUA is 

around 80 Å2. 

  

 
Figure 5.20 AFM images of PLL films 

 

                The PLL was adsorbed onto the MUA monolayers. Figure 5.20 shows the 

PLL layers on MUA layers after rinsing with DI water. The adsorption of the PLL 

was analyzed by contact angle measurement and AFM. A clear changed in the surface 

morphology was observed after PLL treatment. The grain size of the gold is no longer 

observed. The image represents the PLL chain lying on the MUA layer. It is clear that 

it is not uniform throughout the surface. This may be due to the nature of the polymer 

where the conformation change is needed to be taken into a consideration. 

 

5.6 Conclusion 

        Two methods of antibody immobilization were used in this study. The first 

method is based on an ionic interaction, or non-covalent binding. The surface 

modification was made by a sequential adsorption of the MUA, PLL, and antibody on 

the gold coating glass slide. The non specific site was blocked using BSA. No change 

in SPR signal was detected after adding the antigen onto the sensor surface. This 

indicates that the antibody and antigen molecules did not have interaction or an 

appropriate coating of the interactive molecules. 
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        The second method is based on the covalent binding where the antibody was 

covalent attached to the sensor surface. A changed in the SPR signal was detected 

when the antigen was flowed through the sensor surface. The role of the surface 

blocking still needs a further investigation to maximize the reaction condition and its 

coverage. 
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APPENDIX A 

NUMERICAL ANALYSIS OF  

SURFACE PLASMON RESONANCE 
 

 

A.1 Three layer modeling 

 
Figure A.1 A schematic view of the Kretschmann configuration. 

 

        A.1.1 SPR and minimal reflectance of three layer model 

 
Figure A.2 Numerical analysis results of the effects of refractive index of the bulk 

medium (nSample) on minimal reflectance (Rmin). 



Jarupat Disrattakit  Appendix / 76 

 
Figure A.3 Numerical analysis results of effects of the refractive index of the bulk 

medium (nSample) on SPR angle (θSPR). 

 

Table A.1 Values of Rmin and θSPR with nSample analyzed by calculation.  

nSample θSPR (°) Rmin  nSample θSPR (°) Rmin 

1.00000 44.0029 0.0138051  1.20000 58.3599 0.0102142

1.02500 45.5500 0.0132906  1.20625 58.9103 0.0102017

1.05000 47.1515 0.0127635  1.21250 59.4701 0.0102080

1.07500 48.8136 0.0122321  1.21875 60.0397 0.0102360

1.10000 50.5437 0.0117082  1.22500 60.6197 0.0102890

1.12500 52.3509 0.0112098  1.25000 63.0548 0.0108408

1.15000 54.2461 0.0107632  1.27500 65.7121 0.0122964

1.17500 56.2432 0.0104096  1.30000 68.6644 0.0156652

1.18125 56.7603 0.0103425  1.32500 72.0373 0.0238017

1.18750 57.2853 0.0102866  1.35000 76.0840 0.0471789

1.19375 57.8183 0.0102432  1.37500 81.3839 0.1477570
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        A.1.2 SPR experimental three layer modeling 

 
Figure A.4 The effects of nSample on Rmin and θSPR according to experimental results. 

 

A.2 Four layer modeling 

 

 
Figure A.5 A schematic view of the SPR system consisting of sample layer with 

thickness dSample and refractive index nSample under the bulk layer (buffer) 

with refractive index nBuffer. 
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        A.2.1 Thickness variation of lower refractive indices 

                A.2.1.1 Modeling results 

 
Figure A.6 The effect of dSample under variable values of refractive index nSample, are 

less than nBuffer, on θSPR according to numerical analysis. 

 

 
Figure A.7 The effect of dSample under variable values of refractive index nSample, are 

less than nBuffer, on Rmin according to numerical analysis. 
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                A.2.1.2 Experimental results 

 
Figure A.8 The process of ethanolamine adsorption. 

 

                        An increase of the sample layer thickness (dSample) was shown as Figure 

A.6 and A.7. This is possible that the refractive index of ethanolamine is less then the 

buffer that is the 75 mM aqueous solutions. 

 

        A.2.2 Thickness variation of upper refractive indices 

                A.2.2.1 Modeling results 

 
 Figure A.9 The effect of dSample under variable values of refractive index nSample,

are more than nBuffer, on θSPR according to numerical analysis. 
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Figure A.10 The effect of dSample under variable values of refractive index nSample, are 

more than nBuffer, on Rmin according to numerical analysis. 

 

                A.2.2.2 Experimental result 

 
Figure A.11 The process of MUA adsorption. 

 

                        Figure A.11 depicts the increase of the sample layer thickness (dSample) 

as Figure A.9 and A.10. This is possible that the refractive index of MUA is more 

then the buffer. In the experimental results, the buffer is not the water, but it is the 

ethanolic solution of 1 mM. 
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        A.2.3 Variation of refractive indices 

                A.2.3.1 Modeling results 

 
Figure A.12 The effect of nSample under variable values of the sample thickness dSample 

on θSPR according to numerical analysis. 

 

 
Figure A.13 The effect of nSample under variable values of the sample thickness dSample 

on θSPR according to numerical analysis. 
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A.3 Useful of Analysis of Reflectance 

 
Figure A.14 The variation of detecting area of antigen layer. The intensity of reflected 

light can present the different in positions of detection, where the SPR 

angles are not different. 
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APPENDIX B 

SAFTY AND RISK 
 

 

Ethyl alcohol or Ethanol (EtOH), 99.9% of CH3CH2OH, is highly flammable, may 

be harmful by inhalation and in contact with skin. Keep away from sources of ignition 

- no smoking, and wear suitable protective clothing and gloves. In case of accident or 

if you feel unwell, seek medical advice immediately [63]. 

 

Diethyl ether (Ether), Et2O or (C2H5)2O, is extremely volatile and flammable, and 

may form explosive peroxides. It is irritating to the eyes, mucous membranes, and 

skin. It is also a central nervous system (CNS) depressant with anesthetic effects. It 

may be harmful by inhalation, ingestion, or skin absorption. Avoid breathing the 

vapors. Wear appropriate gloves and safely glasses. Always use in a chemical fume 

hood. Explosive peroxides can form during storage or on exposure to air or direct 

sunlight. Keep away from heat, sparks, and open flame [7]. 

 

11-Mercaptoundecanoic acid (MUA), C11H22O2S, is irritating to eyes, respiratory 

system and skin. In case of contact with eyes, rinse immediately with plenty of water 

and seek medical advice. Wear suitable protective clothing [63]. 

 

Poly-L-lysine hydrobromide (PLL), do not breathe the dust, and avoids contact with 

skin and eyes [63]. 

 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 

C8H17N3· HCl, is irritating to the mucus membranes and upper respiratory tract. It 

may be harmful by inhalation, ingestion, or skin absorption [7]. It is risk of serious 

damage to eyes. In case of contact with eyes, rinse immediately with plenty of water 

and seek medical advice. Wear suitable protective clothing, gloves and eye/face 

protection. Handle with care [63]. 
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N-Hydroxysuccinimide (NHS), C4H5NO3, is an irritant and may be harmful by 

inhalation, or skin absorption. Do not breathe the dust, and avoid contact with skin 

and eyes. Wear appropriate gloves and safety glasses [7]. 

 

Ethanolamine (Ethanolamine), C2H7NO, is toxic and harmful by inhalation, 

ingestion, or skin absorption. Handle with care and avoid any contact with the skin. 

Wear appropriate gloves and goggles. Use in a chemical fume hood. Ethanolamine is 

highly corrosive and reacts violently with acids [7]. 

 

Lens washing solution, is extremely flammable, may be harmful if swallowed. Keep 

container in a well-ventilated place, and away from sources of ignition - No smoking. 

Do not empty into drains. Take precautionary measures against static discharges. 
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