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ABSTRACT 

The evanescent wave is an electromagnetic wave which is generated from the 

total internal reflection of light. In many types of biosensor, such as fluorescent 

immunosensors, the evanescent wave has been used along with other techniques for 

monitoring biomolecular interactions.  

In this thesis, a system using evanescent wave generated by the total internal 

reflection of light was developed for biomolecular interaction monitoring. A 635 nm 

laser diode was used as the laser source. The laser beam was resized by a set of 

lenses before passing through the sensor chip. The evanescent wave was produced by 

the total internal reflection of the laser beam. Cyanine 5 labeled albumin was used as 

a model for simulating the interaction of biomolecules. Cyanine 5 labeled albumin 

with concentrations ranging from undiluted, 1:4, 1:16, 1:32, 1:64, 1:128, and blank 

were directly immobilized on the sensor chip. Fluorescence excited by the 

evanescent wave was collected and filtered by another set of lenses and interference 

filter, respectively, before passing through the photomultiplier tube. The signal was 

then converted to an electrical signal and displayed by digital multimeter. The end-

point voltage level of the signal in each concentration were 0.54 V, 0.46 V, 0.41 V, 

0.28 V, 0.18 V, 0.12 V and 0.015 V, respectively. The data indicates that this system 

can detect Cyanine 5 labeled albumin at the lowest concentration of 8 µg/ml. 
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CHAPTER I 

INTRODUCTION 
 

 

1.1  Background 

The technology for the biosensing has rapidly been developed owing to the 

progress in the telecommunication field. The term of optical detection for detecting 

the biocomponent has been brought into the biomedical science. The commonly 

known in optical application in biomedical science is the spectrometer, which utilize 

the properties of the absorbance and transmittance of light in different solutions for 

acquiring the concentration of the sample to be measured. In addition, there are other 

applications of the optical technique to be applied in biomedical science.  

The fluorescence immunoassay is one of the techniques that utilize the optical 

theory for analyzing the clinical specimen. Fluorescence immunoassays or 

fluorescence immunosensors have already been generally used for a long time. They 

serve mainly in a liquid sample matrix, to quantify an unknown amount of a specific 

chemical or biochemical substance [1]. Normally, immunosensors take the advantage 

of the antigen-antibody reaction along with the use of the fluorophore to quantify the 

concentration of the sample. In those applications, the fluorophore will not be excited 

by the direct light but will be excited by the electromagnetic field called evanescent 

wave.  

The evanescent wave is a well known physical phenomenon used in several 

types of chemo-optical sensors such as grating couplers, surface plasmon resonance 

sensors and optical fiber fluorescence sensors [2, 3, 4, 5]. It occurs on total internal 

reflection of plane waves at the interface of two mediums. The relatively short 

penetration depth of the evanescent wave makes it very suitable for measuring optical 

changes at this interface. This advantage of the evanescent wave is called “surface 

specific determination”. Additional specific advantages of a optical fiber fluorescence 

sensor are the long interaction length and the high efficiency for collection of 

fluorescence emitted near the core of the fiber [6]. 
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In an evanescent fluorescence immunosensor, an antibody (Ab), immobilized 

onto the wave-guide surface, is used as a selector molecule to detect quantitatively 

and specifically the presence of an antigen in the sample to be analysed. This is 

accomplished by adding a known amount of fluorescently labeled antigen, which will 

compete for Ab binding with the antigen present in the analyte solution. On 

evanescent excitation of the label molecule the resulting fluorescence intensity is a 

measure of the concentration of non-labeled antigens. 

 

1.2  Objectives  

The objective of this thesis is to develop the detection system for monitoring 

the biological reaction caused by the evanescent field excitation. 
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CHAPTER II 

LITERATURE REVIEW 
 

 

In this chapter the theory of evanescent fluorescence and working theory of 

components are described. 

 

2.1  Theory 

2.1.1 Total internal reflection and evanescent wave 

The basic principle of an optic fiber is total internal reflection. The total 

internal reflection is described by Snell’s law and can be depicted as figure 2.1. 

 

cθ

1θ

2θ

2n

1n

21
2

1 sinsin θθ =
n
n 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Total internal reflection. 

 

A ray of light striking nearly perpendicular to the interface of two media with 

difference refractive index is refracted in a manner described by Snell’s law. At an 

angle closer to the horizontal, the incident beam is no longer refracted into second 

medium, but is totally internally reflected at the interface. The critical angle which 
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defined the onset of total internal reflection can be determined from the refractive 

index of two media. 

However, this simple Snell’s law description fails to account for the several 

phenomena important in optical biosensor. Perhaps most important of these is so-

called evanescent wave. In figure 2.1, when the incident light is totally internally 

reflected, the intensity does not abruptly fall to zero at the interface. Rather, the 

electromagnetic field intensity decays exponentially with distance starting from the 

interface and extending into the medium of lower refractive index [7]. The 

electromagnetic field component close to the interface is called the evanescent wave 

and is characterized by the penetration depth. The evanescent electromagnetic field, 

so-called evanescent wave, can interact with molecules in the surrounding medium 

near the interface, thereby producing absorption and fluorescent with incident light of 

the appropriate wavelength. The exponentially decay of an evanescent wave can be 

illustrated as figure 2.2. 

 

 

1n

2n

 

 

 

 

 

 

Figure 2.2  The exponentially decay of an evanescent wave at the surface of 

a different media.  

 

According to figure 2.2, to demonstrate the range of penetration depth of 

evanescent wave propagates from the interface of the first medium , high refractive 

index, to second medium of low refractive index, , the penetration depth can be 

obtained from the principle of Snell’s law. From Snell’s law [8], 

1n

2n

   2211 θθ sinsin nn =      (1) 
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Eq. (1) can be rewritten to 

      2
1

2
1 θθ sinsin

n
n

=                 (2) 

According to TIR’s theory, TIR will be occur only when >  and 1n 2n 1θ > cθ . So, 

2
1

2
1 θθθ sinsinsin

n
n

c ==     (3) 

At critical angle, °= 902θ . Thus, eq. (3) can be reduces to 

                                                          
1

21

n
n

c
−= sinθ      (4) 

Beyond the critical angle cθ , the value of angle 2θ  becomes imaginary. To 

understand how the angle becomes imaginary, recall that [8] 

2
2

2 1 θθ sincos −=  

By substituting, 1
2

1
2 θθ sinsin

n
n

= , thus 
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n

θ
θ

θθ 2
1

2

1
2

2

2

1
2 11
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sincos −=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=  

In case of TIR, 1θ > cθ , the result of >1. cθθ 2
1

2 sin/sin

So, 2θcos  becomes imaginary. 

11 2
1

2

2
1

2
2

2 −=+=
cc

ii
θ
θ

θ
θ

θ
sin
sin

sin
sincos     (5) 

 

Considering electromagnetic wave, the electric field of wave can be written in 

term of k
v

- wave vector as 

         0EE
vv

=  rkie
vv⋅      (6) tie ω

where, 

 0E
v

 =  Amplitude 

 rv   =  Position vector 

  = Propagation term rkie
vv⋅

  = Time – dependent term tie ω
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 k
v

   α
0

2
λ
π

n
 

 

Consider only distance-related term, 

        )( ZkYkXkirki zyxee ++⋅ =
vv

               (7) 

According to figure 2-3, the transmitted wave propagates parallel to the xz plane. 

Thus, . 0=yk

           )( ZkXkirki zxee +⋅ =
vv

    (8) 

 

the vector k
v

in medium 2 can be divided in to two components, in x-axis and z- axis, 

as shown in figure 2-3. 

x

z

2k
v

22 θc o s=
z

k

22 θs i n=
x

k
 

Figure 2.3  The component of vector 2k
v

 in x-axis and z-axis. 

 

Thus, 

       )cossin( 22222 θθ ZkXkirki ee +⋅ =
vv

    (9) 

From eq. (2) and (5), the eq. (9) becomes 
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2
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 According to eq. (10), the first term is a sinusoidal term and the second one is 

exponential term. The characteristic of each term can be illustrated as figure 2.4.  

cθ

z

x
1n

2n

Exponential Term

Sinusoidal Term

 

Figure 2.4  The characteristic illustration of each term in eq. (10). 

 

As described above, the electric field of TIR in x-axis is a travelling wave. For z-axis, 

the electric field of TIR is a decayed wave and exponentially decays from the 

interface. Thus, the electric field in z-axis can be rewritten as: 

   )exp()()( d
zII zz −= =0     (11) 

where = penetration depth  d
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comparing eq. (11) with eq. (12), therefore penetration depth is 

12

1

2
1

2

−

=

c

k 02

1
−

1

d  , 2
λ
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k =  

θ
θ

sin
sin

  

2
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1
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2
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2
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0

4 nn
d

i −
=

θπ

λ

sin
  , 1θθ =i  (13) 

 

2.1.2 Fluorescence [7, 9, 10] 

One of the most sensitive techniques availabl a  q

from the large numbers of target is the use of fluorescence. Fluorescence provides a 

nique sensitivity of light based system and combination of additional techniques. By 

definiti  cence with the immediately energy released. 

The pro

hs (lower 

frequen

e to screen  small uantity out 

u

on, the fluorescence is the lumines

cess of the fluorescence begins with molecule absorbs energy from photon of 

light and is excited to a higher electron state, excited state (S2). When the molecule is 

in the excited state (S2), it is undergoing changes such as conformational change and 

interacts with its environment in many different ways. All of these processes result in 

the absorbed energy in the excited state (S2) is partially dissipated and molecule 

returns to intermediate state (S1) where the fluorescent emission occurs. Then the 

molecule emits a photon of energy and returns back to ground state. It is important to 

note that not all of the excited species return to the ground state via fluorescent 

emission, many other processes can occur, such as fluorescence energy transfer, 

intersystem crossing or collisional quenching, which can remove molecules from S1. 

The simple illustrate for fluorescence process can be depicted in figure 2.5. 

Another important property of fluorescence is that it occurs at a wavelength 

that is almost always longer than the absorbance (or excitation) wavelength. When 

photons due to a relaxation of molecules in an excited state are emitted, one of the 

most important observations is that they are emitted at longer wavelengt

cy) and consequently are less energetic than the photons responsible for the 

excitation [9]. The difference between the excitation and emission is so called Stokes 
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shift. The Stokes shift represents the loss of energy whilst the molecule is in the 

excited state through energy transfer to environment before emission. The Stokes shift 

is important for many reasons but from a practical point of view it allows the emitted 

fluorescent photons to be easily distinguished from the excitation photons, leading to 

the possibility of very low backgrounds in fluorescent studies. 

Figure 2.5  The simply illustration for fluorescent process. 

 

Commonly used excitation sources for fluorescence spectroscopy includes 

ercury arc, and xenon lamps. Each of these has both its characteristic tungsten, m

intensity and Illumination 

that is commonly used for the high intensity or focused illumination that is required 

for the 

ethod involves modulating the signal by specific 

reference frequency and phase then detecting and amplifying the signal. Noise signals 

its spectral output, which is not uniform with wavelength. 

most sensitive detection of fluorescence. A major factor in the ultrasensitive 

measurement of fluorescence, especially in single-molecule detection, is the ability to 

focus on the extremely small volume of sample as in the case of flow cytometers and 

most laser scanning microscopy. 

 

2.1.3 Lock-in Amplifier [11, 12] 

Lock-in amplification is a technique that can be used to reduce noise and 

recover low level signal. The m
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Output
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at frequencies other than the reference frequency are rejected and do not affect the 

measurement. Block diagram of the lock-in amplifier can be illustrated as figure 2.6. 

 

Figure 2.6  The block diagram of Lock-in Amplifier. 

 

The heart of the lock-in amplifier is the phase-sensitive detector (PSD), which 

is also known as a demodulator or mixer. The detector operates by multiplying two 

signals together, and the analysis to provide the required outputs can be described as 

follow. Figure 2.7 shows the situation where the lock-in amplifier is detecting a noise-

free sinusoid, identified in the diagram as “Signal In”. The instrument is also fed with 

a reference signal, which is also shown in the diagram. 

 

Figure 2.7  The demodulator output of the signal in and reference signal 

with no phase shift. 

 

The demodulator operates by multiplying two signals together, resulting in the 

signal identified in the diagram as “Demodulator Output”. Since there is no relative 

Signal in

Reference

Demodulator
Output

Mean level +ve
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phase-shift between the signal and reference phases, the demodulator output takes the 

form o

 

Figure 2.8  The dem e signal in and reference signal 

w

of 

the signal and reference frequency amplitudes, and related to the phase angle between 

e signal and reference. 

frequency or phase relationship to the reference, is also 

multipl

f a sinusoid at twice of the reference frequency, but with a mean, or average, 

level which is positive. Figure 2.8 shows the same situation, except that the signal 

phase is now delayed by 90° with respect to the reference. It can be seen that although 

the output still contains a signal at twice the reference frequency, the mean level is 

now zero. 

Signal in

Reference

Demodulator
Output

Mean level zero

°90

odulator output of th

ith phase shift. 

 

From this it can be seen that the mean level is proportional to the product 

th

The above discussion is based on the case of noise-free input signals, but in 

real applications the signal will be accompanied by noise. This noise, which by 

definition has no fixed 

ied by the reference signal in the demodulator, but does not result in any 

change to the mean DC level. Noise components at frequencies very close to that of 

the reference do result in demodulator outputs at very low frequencies, but by setting 

the low-pass filter to a sufficiently low cut-off frequency these can be rejected. Hence 

the combination of a demodulator and low-pass output filter allows signals to be 

measured even when accompanied by significant noise. 
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2.1.4 Photomultiplier Tube [13, 14] 

The photomultiplier tube is a photon-sensitive device that converts the light 

nergy to electrical energy and amplifies the resultant pulse of electricity. Among 

photos tomultiplier tube (PMT) is a versatile 

device 

e

ensitive devices in use today, the pho

providing ultra-fast response and extremely high sensitivity [14]. The 

photomultiplier tube consists of a photocathode followed by focusing electrodes, 

series of 10 or more dynodes (electron multiplier), and an electron collector (anode). 

An outer glass envelope provides a pressure boundary to sustain vacuum conditions 

inside the tube that are required so that low-energy electrons can be accelerated 

efficiently by internal electric fields. The simply structure of photomultiplier is shown 

in figure 2.9. 

 
Figure 2.9  The cross-section schematic of head on type photomultiplier 

tube. 

 

 as 

follows. According to Figure 2.9, the photocathode receives the light wave from the 

urce. The incident light wave hits the atoms of the photocathode and causes 

electro

A brief process of amplification of photomultiplier can be described

so

ns to be ejected. This phenomena is called photoemission. The number of 

electron released is proportional to the intensity of the light from the source. Then, the 

electrons emitted from the photocathode directed by an electric field to first dynodes 

in the photomultiplier tube. This electric field is due to the applied voltage between 

the photocathode and that dynode. The electric field accelerates the electron with such 

force that when it strikes the dynode more than one electron is released from the 

dynode. This is called secondary emission. These electrons are then drawn to the 
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second dynode by a similar increase in applied voltage, whereas secondary emission 

takes place again. This process continues throughout the whole photomultiplier tube 

until a final gain. By the time the electrons have left the last dynode the number of 

electrons released may be on the order of millions. The photomultiplier tube therefore 

possesses the ability to convert one flash of light into millions of electrons.  

Because of secondary-emission multiplication, photomultiplier tubes provide 

extremely high sensitivity and exceptionally low noise compared to other 

photosensitive devices currently used to detect radiant energy in the ultraviolet, 

visible

thode in either a side-on 

or a head-on configuration. The side-on type receives incident light through the side 

of the glass bulb, while the head-on type receives light through the end of the glass 

bulb. In ge

, and near infrared regions. The photomultiplier tube also features fast time 

response and a choice of large photosensitive area. According to those advantages, the 

photomultiplier tube is widely used to detect a small signal. 

 

2.1.4.1 Construction 

The photomultiplier tube generally has a photoca

neral, the side-on type photomultiplier tube is relatively low priced and 

widely used for spectrophotometers and general photometric systems. Most side-on 

types employ an opaque photocathode (reflection-mode photocathode) and a circular-

cage structure electron multiplier (detail was described in Electron Multiplier) which 

has good sensitivity and high amplification at a relatively low supply voltage. 

Figure 2.10  The external appearance of photomultiplier tube. 
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T otocathode 

(transmissi

mispherical 

window h

 

2.1.4.2 Electron Multiplier 

urrent amplification and high S/N ratio) of 

photomulti

1) Circular-cage type.  

enerally used for the side-on type of 

photomultiplier tube. The prime features of the circular-cage are 

he head-on type (or the end-on type) has a semitransparent ph

on-mode photocathode) deposited upon the inner surface of the entrance 

window. The head-on type provides better uniformity than the side-on type having a 

reflection-mode photocathode. Other features of head-on types include a choice of 

photosensitive areas ranging from tens to hundreds of square centimeters. 

Variants of the head-on type having a large-diameter he

ave been developed for high energy physics experiments where good 

angular light reception is important. 

Figure 2.11  Types of Photocathode 

The superior sensitivity (high c

plier tubes is due to the use of a low-noise electron multiplier which 

amplifies electrons by a cascade secondary emission process. The electron multiplier 

consists of 8 to 19 stages of electrodes called dynodes. There are several principal 

types in use today. 

 

The circular cage is g
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com

his type consists of a train of quarter cylindrical dynodes and is 

widely used in head-on type photomultiplier tubes because of good 

elec

esponse time and 

is w dely used in applications where time resolution and pulse linearity 

are  has the advantage of providing a large 

out

pactness, fast response and high gain obtained at a relatively low 

Supply voltage. 

Figure 2.12  The structure of circular-cage type. 

 

2) Box-and-grid type 

T

tron collection efficiency and excellent uniformity. 

3) Linear-focused type 

Figure 2.13  The structure of box-and-grid type. 

 

The linear-focused type features extremely fast r

i

important. This type also

put current. 

 
Figure 2.14  The structure of linear-focused type. 
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4) Venetian blind type 

The venetian blind type has a large dynode area and is primarily 

used for tubes with large photocathode areas. It offers better uniformity 

and a larger output current. This structure is usually used when time 

response is not a prime consideration. 

 
Figure 2.15  The structure of venetian blind type. 

 

5) Mesh type 

rodes stacked in 

close proximity. There are two mesh types of dynode. The first one is a 

coa d the second one is a fine mesh type. Both types 

pro

The mesh type has a structure of fine mesh elect

rse mesh type an

vide improved pulse linearity and high resistance to magnetic 

fields. The mesh type also has position-sensitive capability when used 

with cross-wire anodes or multiple anodes. The fine mesh type is 

particularly suited for use in applications where high magnetic fields 

are present. 

 
 

Figure 2.16  The structure of coarse and fine mesh type. 
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6) Microchannel plate (MCP) 

The MCP is a thin disk consisting of millions of microglass tubes 

(channels) fused in parallel with each other. Each channel acts as an 

independent electron multiplier. The MCP offers much faster time 

response than other discrete dynodes. It also features good immunity 

from magnetic fields and two-dimensional detection ability when 

multiple anodes are used. 

 
Figure 2.17  The structure of microchannel plate. 

types of conventional dynodes. The metal 

channel dynode is also ideal for position sensitive measurement. 

 

7) Metal Channel type 

The metal channel dynode has a compact dynode construction 

manufactured by our unique fine machining techniques. It delivers 

high-speed response due to a space between each dynode stage that is 

much smaller than other 

 
Figure 2.18  The structure of metal channel type. 

 

ide, there is other structure of electron multiplier called “Hybrid 

h combining two of the above dynodes. These hybrid dynodes combine 

s of each dynode type. 

Bes

dynodes” whic

the best feature
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2.1.4.3 Spectral response 

The photocathode of a photomultiplier tube converts energy from incident 

light into electrons. The conversion efficiency (photocathode sensitivity) varies with 

the wavelength of the incident light. This relationship between photocathode 

sensitivity and wavelength is called the spectral response characteristic. The spectral 

response on long wavelengths is determined by the photocathode ma rial and on 

short wavelengths

 

 to waves of gamma energy in the Compton 

Effect. The photocathode is a photoemissive surface, which usually consisting of 

lkali metals with very low work functions. The photocathode materials most 

commonly are as follows: 

 material are chiefly used for detection in 

the infrared region with the photocathode cooled.  

te

 by the window material.  

2.1.4.4 Photocathode material 

The photocathode consists of a material that responds to the waves of light 

energy, much like any atom responds

a

 used in photomultiplier tubes 

1) Ag-O-Cs. 

This material is response from the range of visible light to infrared 

radiation (300 mm to 1000 nm). The reflection mode covers a 

slightly narrower range from 300 mm to 1100 nm. Since Ag-O-Cs 

has comparatively high thermionic dark emission, photomultiplier 

tubes of this photocathode

2) GaAs. 

GaAs activated in cesium is also used as a photocathode. The 

spectral response of this photocathode material usually covers a 

wider spectral response range than multialkali, from ultraviolet to 

930 nm, which is comparatively flat over the range between 300 

mm and 850 nm.  

3) InGaAs. 

This photocathode material has greater extended sensitivity in the 

infrared range than GaAs. Moreover, in the range between 900 mm 

and 1000 nm, InGaAs has a much higher S/N ratio than Ag-O-Cs. 

Some photocathodes can operate at 1700 nm.  
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4) 

isible range and 

y used in reflection-mode photocathodes.  

5) 

s of NaI scintillators and so are frequently used 

on measurement using scintillation counting.  

6) 

rent, making it ideal 

n photon counting applications.  

7) 

pectral response 

rared region. It is widely used for 

8) 

s but not to 

s-Te is 

 

2.1.5 Las

Laser plification of Stimulated Emission of 

Radiation'. A lase

photons. It create

consists of four ne

of radiation. These four function elements are illustrated in figure 2.19. 

Sb-Cs. 

Sb-Cs has a spectral response in the ultraviolet to v

is mainl

Bialkali (Sb-Rb-Cs, Sb-K-Cs). 

These materials have a spectral response range similar to the Sb-Cs 

photocathode, but have higher sensitivity and lower dark current 

than Sb-Cs. They also have a blue sensitivity index matching the 

scintillation flashe

for radiati

High temperature bialkali or low noise bialkali (Na-K-Sb). 

This is particularly useful at higher operating temperatures since it 

can withstand up to 175 °C. At room temperatures, this 

photocathode operates with very low dark cur

for use i

Multialkali (Na-K-Sb-Cs). 

The multialkali photocathode has a high, wide s

from the ultraviolet to near inf

broad-band spectrophotometers and photon counting applications. 

The long wavelength response can be extended to 930 nm by a 

special photocathode activation processing.  

Cs-Te, Cs-I. 

These materials are sensitive to vacuum UV and UV ray

visible light and are therefore referred to as solar blind. C

quite insensitive to wavelengths longer than 320 nm, and Cs-I to 

those longer than 200 nm. 

er source [15, 16 17] 

is an acronym for 'Light Am

r is a device that controls the way that energized atoms release 

s and amplifies a narrow, intense beam of coherent light. Laser 

cessary elements to produce coherent light by stimulated emission 
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Figure 2.19  Elements of a laser 

 

2.1.5.1 The element of laser 

As shown in figure 2.19, laser consists of four important elements to 

lecules that can be 

lecules are in an 

y be a gas, a 

liquid, a solid m aterials. 

First, atom e to provide 

more em ission. Second, 

there mu

ground state into the upp se the population of the 

igher energy level over the population in the lower energy level. An increase in 

population of the lower energy level to a number above that in the high energy level 

will negate

 a laser can be thought of as an optical amplifier. 

A beam of coh

produce a laser beam. 

1) Active medium. 

The active medium is a collection of atoms or mo

excited to a state of inverted population where more atoms or mo

excited state than in some lower energy state. The active medium ma

aterial, or a junction between two slabs of semiconductor m

The two states chosen for the lasing transition must possess certain characteristics. 

s must remain in the upper lasing level for a relatively long tim

itted photons by stimulated emission than by spontaneous em

st be an effective method of "pumping" atoms from the highly-populated 

er lasing state in order to increa

h

 the population inversion and thereby prevent the amplifications of emitted 

light by stimulated emission.  

The active medium of

erent light entering one end of the active medium is amplified through 
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stimulated emission until a coherent beam of increased intensity leaves the other end 

of the active medium. Thus, the active medium provides optical gain in the laser.  

2) Excitation mechanism 

The excitation mechanism is a source of energy that excites, or 

"pumps," the atoms in the active medium from a lower to a higher energy state in 

order to create a population inversion. In gas lasers and semiconductor lasers, the 

excitation mechanism usually consists of an electrical-current flow through the active 

medium. Most of solid and liquid lasers often employ optical pumps; for example, in 

a ruby laser, the chromium atoms inside the ruby crystal may be pumped into an 

excited state by means of a powerful burst of light from a flashlamp containing xenon 

gas.  

3) Feedback mechanism 

The feedback mechanism returns a portion of the coherent light 

originally produced in the active medium back to the active medium for further 

amplification by stimulated emission. The amount of coherent light produced by 

stimulated em degree of population inversion and the 

strength of the

ength. The fraction of the coherent light allowed to escape varies greatly from 

one laser to an ercent for some helium-neon lasers to more 

than 80 percen

er lasing level 

ission depends upon both the 

 stimulating signal. The feedback mechanism usually consists of two 

mirrors, one at each end of the active medium, aligned in such a manner that they 

reflect the coherent light back and forth through the active medium.  

4) Output Coupler 

The output coupler allows a portion of the laser light contained 

between the two mirrors to leave the laser in the form of a beam. One of the mirrors 

of the feedback mechanism allows some light to be transmitted through it at the laser 

wavel

other--from less than one p

t for many solid-state lasers.  

 

2.1.5.2 Lasing process 

For the lasing process, when the excitation mechanism of a laser is 

activated, energy flows into the active medium, causing atoms to move from the 

ground state to certain excited states. In this way, population inversion is created. 

Some of the atoms in the upper lasing level drop to the low
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spontaneously, photons at the laser wavelength and in random 

directions. Mo

There are many different types of lasers. Lasers may be classified 

according m, excitation mechanism, or duration of laser 

output. Cla

Gas lasers have a primary output of visible red light. Helium and 

helium-neo , common gas lasers. CO2 lasers emit energy in the 

far-infrared

 chlorine and fluorine, mixed 

with inert 

produces light in the 

ultraviolet rang

 

 

 emitting incoherent 

st of these photons escape from the active medium, but those that travel 

along the axis of the active medium produce stimulated emission. The beam produced 

is reflected back through the active medium by the mirrors. A portion of the light that 

strikes the output coupler leaves the laser as the output beam.  

 

2.1.5.3 Type of laser 

to the type of active mediu

ssification by active medium is utilized here. 

The laser medium can be a solid, gas, liquid or semiconductor. Lasers are 

commonly designated by the type of lasing material employed:  

1) Solid-state laster 

Solid-state lasers have lasing material distributed in a solid matrix 

(such as the ruby or neodymium:yttrium-aluminum garnet "Yag" lasers). The 

neodymium-Yag laser emits infrared light at 1,064 nanometers (nm). A nanometer is 

1x10-9 meters.  

2) Gas laser 

n, HeNe  are the most 

, and are used for cutting hard materials.  

3) Excimer laser 

Excimer lasers use reactive gases, such as

gases such as argon, krypton or xenon. When electrically stimulated, a 

pseudo molecule (dimer) is produced. When lased, the dimer 

e.  

4) Dye laser 

Dye lasers use complex organic dyes, such as rhodamine 6G, in liquid 

solution or suspension as lasing media. They are tunable over a broad range of 

wavelengths.  
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5) Semiconductor laser 

Semiconductor lasers, sometimes called diode lasers, are not solid-state 

lasers. These electronic devices are generally very small and use low power. They 

may be built into larger arrays, such as the writing source in some laser printers or CD 

players. 

age of evanescent wave was used along with the other techniques 

to performed m sensor, such as: 

2.2.1 

etal film. The general principle of SPR measurement begins with the 

polarized light propagates from a layer of high refractive index towards a layer with 

low ref reflection. The sample is attached to the 

layer of low refractive index. At the interface between the two different media, a thin 

approximately

y across the interface are the cause of excitation of surface plasmons in the 

metal film by the light energy, causing them to oscillate. This produces an exponential 

, which penetrates a defined distance into the low-index medium 

and res

ted light, the changes of the refractive 

index at the surface interface causes by the biospecific interactions are detected. 

 

2.2  Related work 

The advant

any type of bio

Surface plasmon resonance (SPR) [7, 18, 19] 

The SPR system utilized the evanescent wave technique to excite the surface 

plasmons in m

ractive index resulting in total internal 

 50 nm gold film is interposed. Although light totally internally reflects 

back to the high refractive index medium, the intensity does not equal to zero at the 

interface, as described in theory in total internal reflection. Physical requirements of 

continuit

evanescent decaying

ults in a characteristic decrease in reflected light intensity. By monitoring the 

intensity and the resonance angle of the reflec

For example, BlAcore (Pharmacia Biosensor), a well known commercial 

biosensor, is based on surface plasrnon resonance (SPR) for detection of changes in 

refractive index at the sensory surface. These changes are proportional to the mass of 

molecules bound to the surface, and are shown in a ‘sensorgram’ as resonance units 

(RU) plotted against time. From the results, stoichiometric and kinetic data for the 

interaction can be determined.  

In Wood’s work [20], a reaction surface was prepared in BlAcore by covalent 

coupling of a ligand to the derivatized dextran matrix located on a sensor chip surface. 



Chotchawal  Wongmahasiri  Literature Review / 24  

Four areas of the chip surface were used as unique reaction chambers. Each chamber 

was individually fed by a fluid channel. Although primary ligands were bound to the 

dextran matrix, reaction proceeded in a liquid environment. Microliter amounts of 

reactants were delivered by operator-programmed software. Reaction surfaces, bound 

to a 50-nm gold surface, were mechanically brought in contact with the glass interface 

of the optical system. Monochromatic light, deflected at the reaction surface, was 

reflecte

tion was carried out at room temperature and positive 

signals

e fiberoptic waveguide, RAPTOR is the one commercial 

optical biosensor that used this technique. The RAPTOR is a portable automated fiber 

optic b ts. It performs rapid, fluorescent 

sandwich immunoassays on the optical probe for up to four target analytes 

d as a function of the difference in refractive indices of the glass and liquid 

layer. A part of the resulting total internal reflectance of light was monitored as the 

reaction occurred. Concomitant to reflectance, evanescent wave energy was generated 

within the metal surface. This change was monitored electronically using a separate 

diode array for each of the four channels and recorded graphically as reactions 

occurred. The hybridization reac

 were obtained within 7 minutes. This was the first account of real-time 

detection of specific hybridization within a fluid flow system in less than 10 minutes 

at room temperature [20]. 

 

2.2.2 Total internal reflection fluorescence 

The total internal reflection fluorescence utilizes benefit from phenomenon of 

evanescent eave along with the characteristic of fluorophore. The process of total 

internal reflection fluorescence starts in the same way to the surface plasmon 

resonance. The total internal reflection produces an evanescent wave at the interface 

of two mediums. The intensity of electromagnetic field, evanescent wave, decays 

exponentially with distance starting from the interface and extending into the low-

index medium. As a result, the fluorophores in range of evanescent wave are excited 

and emitted fluorescence. 

The total internal reflection fluorescence system can be classified according to 

the shape of the waveguide of optical probe which are fiberoptic waveguide and 

planar waveguide. 

For example of th

iosensor for detection of biological threat agen
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simulta

itation light. The capture antibodies are immobilized onto 

the fibe

. The illustrator of disposable coupon is depicted as figure 2.20.  

neously [21]. The optical probe can be reused up to forty times or until 

positive result is obtained. The RAPTOR is useful for on-site analysis of food, water, 

or clinical samples for biological contaminants [21, 22]. 

The system employs a separate 635 nm laser diode to excite each of the four 

fiber optic probes. In order to match the excitation wavelength, the fluorescent dye 

Cyanine 5 is used to tag the tracer antibody. The polystyrene is used to provide a fiber 

optic probe by inject-molded. The fiber optic probes are blackended at their distal end 

to prevent reflection of exc

r optic probes by passive adsorption. After capture antibodies immobilization 

and pre-treat process, the optical fiber probe then mounted and glued into the 

disposable coupons

 
Figure 2.20  The disposable coupon. 

 

For the operation, the assay coupon is inserted into the RAPTOR coupon 

compartment. The excitation laser is focused into the fiber optic probe. The 

evanescent wave causing by excitation laser is created along each probes. The portion 

of evanescent fluorescent emission captured by optical probe is collimated by molded 

ball lens at the head of the probe and focus onto a photodiode. 

For more examples, in USA Patent 4,909,990[23], the optical rod (fiber) is 

used as a waveguide. A component of a complex formed in an immunochemical 

reaction is immobilized on the optical rod. A fluorophore is attached to another 
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component of the complex. The fluorescent labeled component may be either the 

complement to or the analog of the immobilized component, depending upon whether 

competitive or sandwich assays are to be performed. The length of the optical rod is 

equal to 4 centimeters and its diameter is equal to 1 millimeter. The optical rod is 

aligned to the system by the fiber centering device which comprises fixed spring 

mount, slidable spider and tension spring. The fiber and the attached constituent of the 

assay are immersed in a fluid phase sample. 

The excitation beam generated from the light source is folded by beam splitter 

and pass through objective lens into an input end of rod and totally internally reflects 

along optical rod. Multiple total internal reflections in the optical rod allow the 

excitation beam to exci he evanescent wave is 

sed to excite fluorescence in the fluid phase. All of the radiation fluorescence that 

tunnels

te repeatedly an evanescent wave. T

u

 back into the fiber within the total reflection angle is thus trapped within the 

fiber and detected at the input end of the fiber by photo detector. The illustrator of 

system set up can be depicted as figure 2.21. 

 
Figure 2.21  The illustrator of system set up in USA patent 4,909,990. 
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For the example of system set up which employed a planar waveguide, USA 

patent 6,611,634 B2 [24], an optical biosensor with reservoirs is described. The 

illustrator of planar waveguide is shown in figure 2.22. The plastic molded plate with 

an integrated input (see 166 in figure 2.22) and output (see 168 in figure 2.22) 

coupling lenses is used as a waveguide. The capture antibody is immobilized on the 

surface of the waveguide. At the top of the waveguide, a flow cell which made from 

light-absorbing material is placed. The flow cell is also functioned as a wall of 

reservoir. Between the waveguide and the flow cell, the Teflon gasket is placed to 

prevent a leakage of the sample. The excitation beam is directed by means of mirrors 

as shown in figure 2.23 before is introduced into the coupling lens at the front end of 

waveguide. The excitation internally propagates inside a waveguide to produce an 

evanescent wave. Fluorescence-emitting tracer molecules are bound to the waveguide 

surface. The emitted fluorescence is directly collected by a collection lens then sent to 

the light detection which responds by outputting signals reflective of the level of 

collected fluorescence. 

Figure 2.22  The planar waveguide in USA patent 6,611,634. 
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Figure 2.23  The system set up in USA patent 6,611,634. 

 

2.2.3 

input or output laser beam

so used for optical 

waveguide lightm

OWLS me action grating into 

enon that occurs at a 

edium 

 which the 

Grating coupler 

Grating coupler is a device used to measure the coupling angle of either the 

. Both beams are correlated to the refractive index within 

the evanescent field at the sensor’s surface. Grating couplers are al

ode spectroscopy (OWLS) [25, 26]. The basic principle of the 

thod is that linearly polarized light is coupled by a diffr

the waveguide layer. The incoupling is a resonance phenom

defined angle of incidence that depends on the refractive index of the m

covering the surface of the waveguide. In the waveguide layer, light is guided by total 

internal reflection to the edges where it is detected by photodiodes. By varying the 

angle of incidence of the light, the mode spectrum is obtained from

effective refractive indexes are calculated for both TE and TM.  
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CHAPTER III 

MATERIALS AND METHODS 
 

 

3.1  Materials  

3.1.1 Chemicals 

A Cyanine 5TM, the fluorescence dye model PA 25001 was purchased from the 

Amercham life science, Inc. A bovine serum albumin and other common chemicals 

were obtained from Sigma, USA. 

 

3.1.2 Optical equipments 

For system set up, the laser diode from the Lasermax, Inc. and Thorlabs, Inc. 

were used as a light source for the primary and the developed set up respectively. The 

laser diode model LSX 635-5C from Lasermax, Inc. has 4.25 mW maximum output 

power with wavelength of 635 nanometers. For model HL6312G from Thorlabs, Inc., 

the laser diode has 5mW maximum output power with the same wavelength with LSX 

635-5C. All optical lenses were purchased from Thorlabs, Inc. Various focus length 

of 1 inch diameter plano – convex lenses were used to collected and collimated. A one 

inch diameter interference filter with a wavelength of 670 nanometers was also 

obtained from Thorlabs, Inc.  

 

3.1.3 Sensor chip and design 

The sensor chip consists of a cover plate and ground plate, a commercial grade 

polymethyl methacrylate (PMMA) was used to provide a ground plate. A dimension 

of a ground plate is 15 mm × 20 mm × 2 mm (W × L × H). For a cover plate, a print 

circuit board (PCB) with 50 microns of thickness of copper layer was used. At the 

cover plate, a copper layer was wear away to provide a flow channel. The cover plate 

had two through holes functioned as a sample inlet and sample outlet. A diameter of 

both through holes was 1.5 mm. To provide a complete sensor chip, a cover plate and 

ground plate were attached together by using a double-coated tape. The double-coated
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tape was also cut in the same shape to the copper layer of cover plate. The simply 

illustrate of sensor chip can be depicted as figure 3.1. 

Figure 3.1  The illustration of sensor chip design. 

 

3.1.4 Electronic devices 

The side-on type photomultiplier tube (PMT) with controller model PMT-3 

from optomatrics USA, Inc. was used as light detector. To modulate a light source, an 

optical chopper model MC1000 with 10 slot blade and a controller were purchased 

from Thorlabs, Inc. The optical chopper had to use along with a lock-in amplifier to 

demodulate a signal. LIA 100 lock-in amplifier was obtained from Thorlabs, Inc. The 

signal from PMT was measured by using 2
16  digits agilent digital multimeter model 

34401A purchased from Agilent technologies, Inc. The data from digital multimeter 

was acquired to personal computer by using acquisition program downloaded from 

agilent website. 

 

3.2  Methods 

3.2.1 Calculation 

In order to fabricates a sensor chip, after the material for sensor chip 

fabrication was selected. The refractive index of that material was taken to calculate a 

critical angle of excitation beam to provide a total internally reflection by using the 

following equation. 

1

21

n
n

c
−= sinθ  
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3.2.2 Sample preparation 

3.2.2.1 The Cyanine 5 solution 

The Cyanine 5 solution was prepared by dissolving Cyanine 5 in 1 mL 

of Phosphate buffer saline (PBS) and mixed thoroughly. Then the Cyanine 5 solution 

was diluted into various concentrations.  

3.2.2.2 Labeling process 

Five milligrams of human albumin was dissolved in 1 mL of 0.1 M 

sodium carbonate buffer (pH 9.3). The protein solution was mixed thoroughly and 

added into the vial of Cyanine 5 dye. The solution of protein and dye were then 

incubated for 30 minutes with additional mixing every 10 minutes in the dark at room 

temperature. After the incubation, the dye-protein solution was separated from free 

dye by column gel filtration. The column was prepared with the filtration gel 

(Sephadex G50) and PBS was used as the eluting buffer. The dye-protein solution was 

then added into the column. Two blue bands were developed during the procedure. 

The faster moving band was Cyanine 5 labeled albumin solution while the slower 

moving band was the free dye. The Cyanine 5 labeled albumin solution was then 

collected and measured for the absorbance value at wavelength equal to 260 nm and 

280 nm to calculate for final protein concentration. The calculation was done by using 

the relationship of the absorbance value of protein solution at wavelength equal to 260 

nm and 280 nm as following equation. 

 

Concentration (mg/mL) = (1.55 × A280) – (0.76 × A260) 

Absorbance value at wavelength equal to 260 nm = 0.927 

Absorbance value at wavelength equal to 280 nm = 1.070 

 

By substituting in the equation above, the estimation of final albumin 

concentration was around 954 µg/mL. 

 

3.2.3 Immobilization of Cyanine 5 labeled albumin on sensor chip 

The 20 µL of Cyanine 5 labeled albumin solution was pipetted onto the 

surface of ground plate or prism of sensor chip then incubated for 2 hours in the dark 
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at room temperature. After incubation, the exceed Cyanine 5 labeled albumin was 

eluted by PBS for 3 times. 

 

3.2.4 System set up for fluorescence detection 

The diode laser model LSX 635-5 was used as the light source. The laser 

beam was focused into the optical fiber by using objective lens. The light chopper was 

placed between the objective lens and the optical fiber to modulate a laser beam. At 

the others end of fiber optic, the laser beam was collimated by the ball lens to provide 

a plan wave. The laser beam was passed through others two plano-convex lenses to 

resize the diameter of laser into the wanted one. The laser was then strike 

perpendicular to the one side of prism by the angle resulting from calculation. The 

prism which functioned as waveguide was made by using the critical value calculated 

from the refractive index value of PMMA. In this design, the sensor chip was placed 

on the prism and the index matching gel were added between the sensor chip and 

prism to reduce the reflection of laser beam. The sensor chip was locked to the prism 

by using the holder which screwed to the based of prism. At the bottom of prism, the 

collector part was placed in front of the photomultiplier tube to collect and filter the 

fluorescence signal. The collector part consisted of two plano-convex lenses and the 

interference filter. The signal from the photomultiplier tube was then passed through 

the lock-in amplifier for demodulating and amplifying. The lock-in amplifier was 

connected to the digital multimeter to display. The displayed value was then stored in 

personal computer via the RS-232 port. In addition, the one end of the other optical 

fiber was placed behind the sensor chip. The other end of optical fiber was connected 

to the spectrophotometer to measure the spectrum of excitation and fluorescence. The 

simple block diagram of the primary set up can be depicted as figure 3.2. 
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Figure 3.2  The simple block diagram of the system set up. 

 

3.2.5 System testing 

The system test for the system set up was performed by using pure Cyanine 5 

solution. After the sensor chip was set on the prism, to ensure that evanescent 

fluorescent technique can be perform, the Cyanine 5 solution was injected into flow 

channel and measured for the spectrum of excitation laser and fluorescent and the 

intensity of fluorescent emitted from Cyanine 5. Next, the Cyanine 5 solution with 

differ concentration were injected to the flow channel by using concentration ranging 

from 1:16 to 1:2, to check the ability in monitoring and repeatability of the system. 

During measurement, after one concentration of Cyanine 5 was measured, the PBS 

were injected to clean the flow channel and measured before the next concentration 

was injected. In order to prove that the evanescent could be applied to interact with 

the biomolecule, a kind of protein called albumin was used as a model to immobilize 

on the surface of flow channel. The albumin was labeled with Cyanine 5 and directly 

immobilized on the surface. To measure, the PBS was injected into the flow channel 

and starting measurement fluorescent signal. In this step, the sensor chip with on 

sample immobilized, blank sample, and the sensor chip which only albumin 

immobilized were also measured to ensure that the signal measured was produced by 
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the emission of fluorescent from the Cyanine 5 molecule. To prove the one important 

characteristic of evanescent wave, surface specific, the albumin tagged Cyanine 5 was 

immobilized onto the cover plate and measured. 

The system test in second stage was done by using the albumin labeled 

Cyanine 5 which diluted into various concentrations and directly immobilized on the 

prism. The sensor chip was placed on the chip holder in the optical module then the 

PBS solution was fed into the flow channel of sensor chip. After the cover of optical 

module was closed the measurement was started. 

 

3.2.6 Negative control 

The pure albumin was immobilized on the surface of ground plate to provide 

the negative control sensor chip in order to prove that the fluorescent emission was 

the fluorescence produced from the Cyanine 5 molecule which excited by the 

evanescent wave. 

 

3.2.7 Surface specific testing 

In order to prove the surface specific property of evanescent fluorescence, the 

albumin labeled Cyanine 5 was directly immobilized on the cover plate which the 

evanescent wave could not reach. The phosphate was injected into the flow channel to 

provide the same condition before the measure was started. The Cyanine 5 was 

immobilized on the location as shown in figure 3.3. 

 
Figure 3.3  The immobilized area on the cover plate. 
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3.2.8 Error correction 

Since a few problems occur from the system set up and sensor chip design, the 

system set up and sensor chip were then developed to solve those problems. In 

addition, the system set up was also reduced in size to more compact and ready for 

further development. 
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CHAPTER IV 

RESULTS 
 

 

4.1  The critical angle calculation 

 In order to aligned the system components and made the prism, the critical 

angle had to be calculated. The critical angle can be calculated from the following 

equation: 

°== − 204.63
49.1
33.1sin 1

cθ  

 For the ease of the prism making and component alignment, the angle at 70° 

was selected. In case of PMMA with =1.33, =1.49, 2n 1n iθ = , °70 0λ = 635nm: 

nm  115.43
33.170sin)49.1(4

10635
222

9

=
−

×
=

−

π
d  

 

Calculating for at d iθ =  in case of PMMA: °°°°° 85 ,80 ,75 ,70 ,65

0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

9 0 0

1 0 0 0

1 1 0 0

0 0 .1 0 .2 0 .3 0 .4 0 .5 0 .6 0 .7 0 .8 0 .9 1 1 .1

I n te n s i t y  o f  e le c t r ic  f ie ld  ( x 1 0 0 % )

 
Dis

tan
ce

 fro
m 

su
rfa

ce
 (n

m)
   

  

t h e ta  =  6 5
th e ta  =  7 0
th e ta  =  7 5
th e ta  =  8 0
th e ta  =  8 5

Figure 4.1  The decayed wave at different iθ . 
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In conclusion, according to eq. (13) in page 8 and figure 4.1, it can be seen 

that the evanescent wave is a decayed wave and exponentially decay from the 

interface of different medium. The efficient range is calculated from the penetration 

depth and values about 0λ . Thus, the advantage of using evanescent electromagnetic 

is that, the amplitude of this wave decays exponentially with distance into the 

surrounding solution, only fluorescent compounds located within range of the 

penetration depth from the interface will be exposed to full intensity of the radiation. 

Fluorophores located in solution beyond this evanescent zone will not be exposed to 

excitation radiation and will not fluoresce. That means the evanescent wave has a 

surface specific property.  

 

 

4.2  The spectrum of excitation and fluorescence 

In the primary set up, the spectrophotometer was added in the beginning of the 

experiment to check the property of Cyanine 5. The undiluted Cyanine 5 solution in 

PBS was used as a sample in this experimentation. The spectrum of laser source and 

the fluorescent emission were shown in the figure 4.2. 

 

The lower peak was the spectrum of the laser source and the higher peak was 

the spectrum of the fluorescent emission. The result shown in figure 4.2 was the 

stroke shift effect, the property of Cyanine 5. According to the specification of 

Cyanine 5 from the manufacturer, the absorption peak was 649 nanometers and the 

peak of fluorescent emission was 670 nanometers. The spectrum obtained from the 

spectrophotometer was comparable to the spectrum given by the manufacturer. The 

comparison of between the spectrum obtained from spectrophotometer and the 

spectrum given from the manufacturer was shown in figure 4.2. 
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Figure 4.2  The spectrum of laser source and the spectrum of fluorescent 

emission. 

 

Figure 4.3  The comparison between the spectrum obtained from 

spectrophotometer (A) and the spectrum given from the 

manufacturer (B) [27]. 
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From the comparison, it was shown that the spectrum of excitation laser and 

the spectrum of fluorescent wave obtained from the spectrophotometer related to the 

absorption range and the emission range of Cyanine 5 given from the manufacturer, 

respectively. 

 

4.3  Stability of fluorescence signal 

The sample used to measure a spectrum of excitation laser and the spectrum of 

fluorescent emission was also measured for the intensity of fluorescent emission by 

using photomultiplier tube. In this section of experimentation for system set up test, 

the laser beam was blocked by the shutter before the pure Cyanine 5 solution in 

phosphate buffer saline was injected into flow channel then the shutter was opened 

and the measurement was began. The signal of the intensity of fluorescent emission 

acquired by the photomultiplier tube was shown in figure 4.4.  

In this experimentation, the signal detected from the undiluted Cyanine 5 

solution in PBS has an average voltage signal level at 0.73 V. The voltage signal 

swing in then range of ±0.01 V. 
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Figure 4.4  The intensity of the fluorescent emission obtained from 

photomultiplier tube.  

 

The undiluted Cyanine 5 was used as a sample. The fluorescent emission was 

collected by the plano-convex lens before pass through the interference filter and 

focused by another plano-convex lens onto the sensitive area of photomultiplier tube. 

The voltage signal from photomultiplier tube was then displayed by digital 

multimeter and stored on the personal computer. 
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4.4  Response of the system set up to various concentration of Cyanine 5 solution 

in PBS. 

From the result of the intensity of fluorescent, the Cyanine 5 solution in PBS 

was diluted into various concentrations and injected into flow channel to measure to 

ensure that the system set up can be used to monitor a variation of interaction of 

biomolecule. The Cyanine 5 solution in PBS with concentration starting from 1:16 

was injected into the flow channel and measured. After measuring, before the next 

concentration of Cyanine 5 solution in PBS was injected, the PBS was fed to clean the 

flow channel to provide a base line of the signal. Then the next concentration of 

Cyanine 5 solution in PBS was fed and measured. The same procedure was done 

repeatedly until the last concentration. The signals of various concentration of 

Cyanine 5 solution was shown in figure 4.5. 

 

The signals of the same concentration of Cyanine 5 solution in PBS was 

further calculated for an average and standard deviation value and plotted to the 

graph. The calibration curve of data was plotted by using the average and standard 

deviation value of all signals as shown in figure 4.6. 
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Figure 4.5  Response of fluorescent signal to the different concentration 

of Cyanine 5 at various measuring time. 

 

The various concentrations of Cyanine 5 solution in PBS starting from 1:2 to 

1:16 were measured. Between each concentration, the PBS was fed to clean the flow 

channel to provide the base line of the signal. 
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Figure 4.6  Correlation between concentration of Cyanine 5 and 

fluorescent signal obtained from system set up.  

 

All voltage level of fluorescent signals obtained from the same concentration 

of Cyanine 5 solution in PBS were calculated for an average value and standard value 

and plotted into the graph. The calibration curve was plotted by using all average and 

standard value calculated. 
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4.5  Immobilized sensor chip 

To stimulate the almost real interaction of biomolecular, the Cyanine 5 labeled 

albumin was directly immobilized onto the surface of the ground plate of sensor chip. 

The sensor chip was set into the system before the phosphate buffer saline was 

injected into the flow channel and the measure was started. The signal acquired from 

the immobilized sensor chip was shown in figure 4.7. 

According to the figure 4.7, the level of the signal acquired was clearly 

decreased from 1.1 V for a period of time. After 200 seconds, the level of signal 

became stable at around 0.82 V.  
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Figure 4.7  The signal acquired from immobilized sensor chip. 

 

The 50 µL of Cyanine 5 labeled albumin solution was pipetted onto the 

surface of ground plate of sensor chip. After incubation for 2 hour in dark at room 

temperature, the exceed Cyanine 5 labeled albumin was eluted by PBS for 3 times. To 

measure, the PBS was fed into the flow channel to provide a same condition for the 

measurement. 
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4.6  Negative control 

The signal of the blank sample which no Cyanine 5 labeled albumin 

immobilized on the surface of sensor chip, and the signal of negative control which 

only albumin immobilized on the surface of sensor chip were illustrated to compare 

with the signal acquired from the immobilized sensor chip in order to investigate 

where the fluorescent emission came from. The compared signal was illustrated in 

figure 4.8. 

As shown in figure 4.8, the higher level signal was the signal from the 

Cyanine 5 labeled albumin immobilized on the sensor chip which has an average 

voltage signal level at 0.775 V. At the bottom of figure 4.8, there were two signals 

plotted together. The first signal at the bottom was a signal from the blank sample 

which no Cyanine 5 labeled albumin immobilized on sensor chip. The second signal 

was the signal from the negative control which only albumin immobilized on sensor 

chip. The average voltage signal level of two signals was 30 mV. 
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Figure 4.8  The comparison of the signal acquired from three difference 

sensor chip. 

 

The signal obtained from normal sensor chip, blank sensor chip, and negative 

control sensor chip were plotted together to compare the level of signal. The higher 

one was the signal from normal sensor chip. Two signals at the bottom were the 

signal from blank sensor chip and negative control. 
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4.7  Surface specific testing 

The Cyanine 5 labeled albumin was immobilized on the cover plate in order to 

ensure that the fluorescent emission was emitted from the Cyanine 5 molecule in 

range that evanescent wave can reach. The signal of Cyanine 5 labeled albumin 

immobilized on cover plate was depicted in figure 4.9. 

According to the figure 4.9, the signal obtained from the Cyanine 5 labeled 

albumin immobilized on the cover plate has an average voltage signal level around 30 

mV. It can clearly be seen that the voltage level of the signal was almost equal to the 

signal obtained from the blank sample and the negative control. The result from this 

experimentation shown that the Cyanine 5 molecule in the range higher than the 

evanescent wave can reach was not excited so the Cyanine 5 molecule in that range 

can not emit fluorescence which related to the surface specific property of the 

evanescent fluorescence theory. Although, there were a few problem occurred in the 

primary system set up and primary sensor chip. 
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Figure 4.9  The signal of the Cyanine 5 labeled albumin immobilized on 

cover plate. 

 

The Cyanine 5 labeled albumin was immobilized on the cover plate. Then the 

cover plate was attached to the ground plate as usual to provide a sensor chip. After 

the sensor chip was set into the system, the measurement was started. 
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4.8  Error and correction 

From the primary set up, there have been a few problems occurring from the 

optical configuration part. The problems encountered from the primary set up were 

resulting from the optical post, using of index matching gel, and copper layer on print 

circuit board. In addition, the surrounding environment also caused the problem. The 

described problem led to the system redesign. 

For the improve stage, the laser diode model HL3412G was replaced in stead 

of the old one to reduce a size of the system. The driver circuit was provided by using 

a simple circuit. The calculation of the component in the circuit was based on the 

supply current and supply voltage of laser diode. The schematic of driver circuit was 

shown in figure 4.10. 

Figure 4.10  The driver circuit of the laser diode. 

 

The laser beam was resized by using two plano-convex lenses before passed 

through the aperture and entered into the optical module. The light chopper was 

placed between the laser diode and the first lens to modulate the laser beam. The 

optical module was almost close system for a sensor chip holder, lenses and filter 

holder and adapter for photomultiplier tube which perpendicularly aligned in order 

respectively. The fluorescence were collected and focused onto the photomultiplier 

tube by this lenses and filter. The focus values of the lenses were calculated from the 

dimension of the flow channel for lens placed close to the sensor chip and from the 

dimension of photocathode of the photomultiplier tube for lens placed close to 

photomultiplier tube. The simple illustrator of the optical module was depicted in 

figure 4.11. The signal from the photomultiplier tube was demodulated and amplified 

by lock-in amplifier along with the reference signal from the light chopper. For the 
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data acquisition part, the same set up was used. The simply illustrate can be depicted 

as figure 4.12.  

 
Figure 4.11  The cross-section illustrator of optical module. 

 

Figure 4.12  The block diagram of the developed system set up. 

 

In order to match with the developed system and solve the problem, the sensor 

chip was also redesigned. The sensor chip still consisted of two components. But the 

shape of both two components was completely differed from the first design. For the 

cover plate, the print circuit board was replaced by the polymethyl methacrylate plate. 
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The dimension of the cover plate was changed to 15mm. × 60mm. × 2mm. (W × L × 

H). Beside, there were two slotted line functioned as a guide line for prism attachment 

to avoid mislocation. The other piece of sensor chip was prism. Prism was made in 

trapezoidal shape. The critical angle from the calculation was used to make a prism. 

The simply illustrate of developed designed of the sensor chip can be depicted as 

figure 4.13. 

 
Figure 4.13  The illustrator of developed sensor chip. 
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4.9  Response of the developed system to various dilution of Cyanine 5 labeled 

albumin. 

After the system set up and sensor chip have been developed, the various 

Cyanine 5 labeled albumin dilution were measured by using the same procedure to 

determine a limitation of the system. In detail, the Cyanine 5 labeled albumin was 

directly immobilized on the surface of the prism. The sensor chip was set into the 

optical module in the system in order to measure. The signal of various dilutions of 

Cyanine 5 labeled albumin were illustrated in figure 4.14. 

As shown in figure 4.14, the signals from different dilution of Cyanine 5 

labeled albumin were plotted. The signals presented in figure 4.14 were starting with 

undiluted shown as the highest one, then 1:4, 1:16, 1:32, 1:64, 1:128, respectively, 

and end up with blank at the lowest one. 

The dilutions of Cyanine 5 labeled albumin of the developed system set up 

and sensor chip were calculated back to concentration value. The signal of each 

dilution was calculated for the average value and the standard deviation value. All 

average values of all concentrations were plotted to the graph along with the standard 

deviation value of each concentration. The calibration curve was added into the graph 

by using the average value. The average value and the deviation value were plotted in 

figure 4.15. 
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Figure 4.14  The signals of dilution of Cyanine 5 labeled albumin. 

 

The signal of various concentration of Cyanine 5 labeled albumin 

immobilization starting from undiluted. 1:4, 1:16, 1:32, 1:64, 1:128, and blank were 

plotted together to show response of the developed system to each concentration. 
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Figure 4.15  Correlation between concentration of Cyanine 5 labeled 

albumin and fluorescent signal obtained from developed 

system. 

 

All voltage level of fluorescent signals obtained from the same concentration 

of Cyanine 5 labeled albumin were calculated for an average value and standard value 

and plotted into the graph. The calibration curve was plotted by using all average and 

standard value calculated. 
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CHAPTER V 

DISCUSSION 
 

 

According to the calculation for critical angle, figure 4.1 shown that the angle 

selection effects to the penetration depth of evanescent wave. The angle selection for 

the exciting laser was depended on the type and size of the sample of interest and also 

includes a technique used in the experimentation. For the example, in sandwich assay, 

the angle selection for exciting laser was depended on the summation value of size of 

capture antibody immobilized, analyte of interest, and tracer antibody. The range of 

evanescent wave has to equal or a little higher than a distance from the surface to the 

tracer antibody.  

By using the primary system set up, after all components were aligned into the 

system, the signal shown in figure 4.2 was obtained from the spectrophotometer 

provided a corresponding curve which related to the specific characteristic curve of 

Cyanine 5 given from the manufacturer [27]. As shown in figure 4.2, the lower peak 

one was the peak of excitation laser which located in the range of the absorption 

wavelength of the Cyanine 5 molecule and the higher peak one was the peak of the 

fluorescent emission which also located in the range of the fluorescent emission 

wavelength of the Cyanine 5. It can be seen that the lower peak one has a very narrow 

spectrum width causing from the property of laser light source. And the higher peak 

one has a wide spectrum width since the characteristic of Cyanine 5. The graph shown 

that the Cyanine 5 can be functioned along with this system set up. 

The signal shown in figure 4.4 was the signal of the fluorescent emission of 

pre-conditioned system acquired by using photomultiplier tube. The signal of 

fluorescent emission was used to condition the output signal from photomultiplier 

tube by adjusted the controller of photomultiplier tube to provided a proper level of 

signal. After conditioned, the signal with various concentration were measured, the 

result of the experimentation was shown in figure 4.5. The signal shown in figure 4.5 

indicated that the system set up can be monitored a change of level of signal, in others 
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hand, a change in concentration. The signal in figure 4.5 also had shown the 

repeatability of the system. As described previously, between the signals of 

concentration, the phosphate buffer saline was fed into the flow channel to wash the 

flow channel and provided the base line (background) of the system. It can clearly be 

seen that the background signal always back down to the same level of voltage. 

However, the problem of the system set up can be discovered from the result of 

experimentation. Since the level of each dilution should be equal or almost equal to 

each other. But some dilutions were differing in level in each measurement. The 

problems encountered from a few reasons. The first one was the sensor chip holder. 

The sensor chip holder in primary set up was the prism which placed on the magnetic 

post. The magnetic post can be rotated in vertical axis resulting from too much force 

applied initiating in misposition of the laser beam. The second one was the matching 

gel which used to reduce the reflection of laser beam. The matching gel used in 

primary set up could possibly interacted with PMMA caused the enormous scratch on 

the surface of prism which reduced the long term use of prism. The third problem 

causing from the sensor chip itself, the edge of copper layer of the cover plate could 

reflect the scattering laser illuminated on desired area. The surrounding light was 

another cause of problem in primary system set up. Since primary system set up was 

cover by nothing, the surrounding light could possibly effect to the level of signal and 

background level. 

In figure 4.7, the Cyanine 5 labeled albumin was immobilized on the surface 

of the ground plate of sensor chip to simulate the biological reaction. The level of the 

signal acquired was clearly decreased for a period of time after the buffer injection 

due to the excess Cyanine 5 labeled albumin on the surface dissolved into the solution 

which evanescent wave can not reach. After period of time, the signal became stable. 

This can also be used to explain the different of the starting level of the signal 

between figure 4.7 and figure 4.4. 

To investigate the source of the fluorescent emission, the three sensor chips 

with difference sample immobilization were provided. The primary sensor chip was 

the normal one, the Cyanine 5 labeled albumin was immobilized on the surface of 

ground plate of sensor chip. The developed sensor chip was the blank sensor chip, 

there was nothing immobilized on the surface of ground plate of sensor chip. The 
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third one was the negative control sensor chip, there was only albumin immobilized 

on the surface of ground plate of sensor chip. The signal of three sensor chip were 

plotted to compare in figure 4.8. The higher level signal on the top of the graph was 

the signal from the primary sensor chip. At the bottom of the graph, there were two 

signal plotted together, the signal of blank sensor chip and the signal of negative 

control. It can clearly be seen that, the signal of the blank sensor chip and the signal of 

negative control were almost equal. The comparison of three signals provided a strong 

enough evidence to believe that the fluorescent acquired was the fluorescence emitted 

from the Cyanine 5 molecule excited by the evanescent wave, not from the albumin 

molecule or phosphate buffer saline. 

Another important property of evanescent fluorescence, the advantage of 

evanescent fluorescence over the others, is the surface specific. The next 

experimentation was set to ensure that the system set up can perform the surface 

specific property. As described previously, the Cyanine 5 labeled albumin was 

immobilized on the cover plate of the sensor chip. The signal obtained was shown in 

figure 4.9. The level of the signal obtained was equal to the blank sensor chip. From 

the result of the experimentation, it can be concluded that the fluorescence was the 

emission of the fluorophore molecule in the range that evanescent wave can be 

reached. 

All results obtained from the experimentation of primary system set up led to 

one conclusion which is the system set up can be performed as the evanescent 

fluorescence monitoring system.  

Initiating from the result in primary sensor chip design and system set up 

which causing the problems, the sensor chip was redesigned and the system set up 

was developed. For the sensor chip, the printed circuit board was replaced by the 

same type of polymethy methacylate plate. The ground plate was replaced by the 

prism produced from the same material with the cover plate. The details of the new 

sensor chip were described in chapter IV. For system set up, the laser diode was 

replaced by another model, the optical fiber was abandoned causing from the new 

laser diode. The collector part which consists of sensor chip holder, two lenses, 

interference filter, and photomultiplier adapter was united into the optical module to 

avoid surrounding light. The details of developed system set up were also described in 



Fac. of Grad. Studies, Mahidol Univ.  M.Eng.(Biomedical Engineering) / 59 

chapter IV. After primary system set up was developed, the experiment for system 

testing was preformed. 

The experiment for developed system set up began with the Cyanine 5 labeled 

albumin solution was diluted into various concentrations then directly immobilized 

onto the surface of prism. The signals of various dilutions were plotted in figure 4.13. 

According to figure 4.13, the level of background signal was around 16 mV. While 

the level of background signal of primary system set up was around 30 mV. And, in 

developed system set up, the lowest limitation of the system set up equal to 1:128 

while equal to 1:16 for primary system set up. Then, the dilutions of Cyanine 5 

labeled albumin solution were calculated back to concentration. The average value 

and the standard deviation of each concentration were calculated and plotted into 

figure 4.14. The calibration curve was added to the graph by using the average value. 

According to the figure 4.14, it can be seen that the concentration of Cyanine 5 

labeled albumin at around 8 µg/mL can be detected by the system set up. 

The results from the experiment in developed system set up shown that the 

developed system set up had more efficiency and lower background level then the 

primary one. However, the developed design of sensor chip still had a little problem 

with the prism making process. Since the prisms were a hand-made product, so they 

were not perfectly same to each others resulting in irregular background signal. In 

addition, the optical module in developed system set up can be further developed in 

order to reduce the background and noise of the signal. Since the optical module was 

made from the aluminum which cause light reflection, black anodize coating should 

be applied in order to reduce the reflection of light inside the optical module.  
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CHAPTER VI 

CONCLUSION 
 

 

1. The total internal reflection system for biomolecular interaction monitoring 

was demonstrated 

2. The lowest limit of the system set up was about 8 µg/mL of directly Cyanine 5 

labeled albumin immobilized on the surface. 

3. The penetration depth of this system set up was 115.43 nm from the surface. 

4. The system can be further developed to operational system for biomedical 

application. 
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