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Abstract 

Surface plasmon resonance is a powerful technique to monitor biomolecular 

interactions in real-time in a label free environment. However, the price of the 

instrument designed by using common surface plasmon resonance biosensor is 

extremely high due to the complicated configuration of optics and electronics. In 

practice, the portable and cost-effective surface plasmon resonance instruments are 

urgently needed and have potential for use in many practical applications including 

medicine diagnostics, drug screening and basic scientific research. This project aims 

to develop a novel surface plasmon resonance biosensing system which is mainly 

composed of one laser line generator, a P-polarizer, a customized prism, a 

microfluidic cell, a line CCD and an electronic circuit. However, in my thesis, the 

photoelectric signals acquisition and data analysis for this novel surface plasmon 

resonance instrument are mostly focused on. The high performance microcontroller 

PIC24FJ128 with the embedded high speed A/D converter, the communication 

interface circuit and the photoelectric signal amplifier circuit are prior to be studied to 

obtain the weak signals from the biosensing system in this experiment. Moreover, the 

line CCD module is considered and optimized seriously on the number of pixels, 

pixels dimension, output amplifier and the timing chart. The micro-flow cell was 

made of stainless steel with a high thermal conductivity, and the microcontroller 

based proportional-integration-derivative (PID) temperature-controlled algorithm was 

performed to control the current flowing through the thermoelectric cooler adjusted in 

association with the atmosphere temperature to keep the temperature (25 ◦C) of the 

sample solutions constant. Correspondingly, the data algorithms specially designed to 

this biosensing system including data filtering, data normalization and curve plotting 

to calculate the association and dissociation rates between two bioanalytes, such as 

two proteins, were programmed to achieve its high efficiency. In addition, the 

improved algorithm for calculating the optimized pixel positions which were located 

at the lowest Response Unit (RU) of the surface plasmon resonance curve was studied 

and programmed in this thesis. The sensing response of the novel SPR sensing system 
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to the bulk refractive index was calibrated using various concentrations of ethanol 

solution. These ethanol concentrations indicated with the volume fraction of 5%, 

10%, 20%, 30%, 40%, and 50%, respectively were conducted to validate the 

performance of the optical surface plasmon resonance biosensor. As a result, the SPR 

sensor was able to detect a change in the refractive index of the ethanol solution with 

the high linearity at the correlation coefficient of 0.99625. The results obtained from a 

series of tests confirmed the practicality of this biosensing system for the detection of 

a variety of bioanalytes in agriculture, food safety, drug screening, medical 

diagnostics and environmental monitoring fields with a lower cost, an expanded 

detection range, and a shorter measuring time as compared with the route 

measurement technology.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Surface plasmon resonance (SPR) biosensors are designed and widely used in the 

detection and identification of viruses, hormones and proteins in food safety, 

biomedical, disease diagnosis and proteomics due to the properties of non-invasive, 

label-free and on-line dynamic measurement [1]-[5]. Furthermore, it is a powerful 

technology to be studied on biomolecular interactions when one of the interactants is 

immobilized onto the sensor surface first; the other is free in sample solution and also 

flowed over the sensor surface [6]-[8]. The processes of the association and dissociation 

were monitored in arbitrary unit and displayed in a response curve. A surface plasmon 

is produced by a p-polarized laser beam which is shone on the interface between the 

glass (prism) and the metal film (Au film) deposited on the prism when the incident 

angle of the laser beam is larger than the angle of total internal reflection[9]-[13]. A 

typical surface plasmon wave propagating along the interface can be achieved in the 

so-called Kretschmann configuration [14]-[16]. The special angle at which the surface 

plasmon resonance occurs is extremely sensitive to any changes in the refractive index 

of the medium adjacent to the metal surface, and such changes can be monitored by 

recording intensity of reflected light when the sample solution is flowed through the 

microfluidic cell [17]-[19]. A surface plasmon resonance curve may be defined as the 

reflectance (or normalized intensity of reflected light) versus the pixel position on the 

line CCD array, which is related to the lowest response unit (RU) of the SPR curve. 

Using algorithms (e.g. centroid), the surface plasmon resonance curve yields a non-

integer “pixel-at-resonance” location on the line CCD, corresponding to the minimum 

of the reflected light [20]-[22]. This resonance location (resonance dip) can be 

subsequently converted to the amount of mass which was adsorbed onto the Au film 

surface by using calibration parameters [23]-[24].  

The surface plasmon resonance biosensors based on the angle modulation, 

wavelength modulation and phase modulation have been intensively studied during the 
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past decades [25]-[27]. Biacore, AutoLab and IBIS have also developed surface 

plasmon resonance instruments for laboratory use, which are, however, too expensive 

and large for field applications. Thus the development of surface plasmon resonance-

based biosensors for field applications is of vital importance, such as a design of a 

multi-analyte surface plasmon resonance biosensor [28] and a multi-channel surface 

plasmon resonance biosensor [29]. Spreeta sensors (Texas Instruments, USA) are 

examples of miniaturized surface plasmon resonance biosensors that have been 

commercialized. A Spreeta TSPR1K23-based biosensor system for applications in 

kinetic analysis of chemical and biological reactions has been designed and validated 

[30]. 

Although surface plasmon resonance is a powerful technique to analyze 

biomolecular interactions in real-time in a label free environment, currently, the cost of 

the instrument designed by the surface plasmon resonance technology is extremely 

expensive due to the complicated configuration of optics and electronics. In practice, 

the portable and cost-effective surface plasmon resonance instruments are urgently 

developed and have potential for use in many practical applications including medicine 

diagnostics, drug screening and basic scientific research [31]- [33]. With the ongoing 

requirements of low cost and portable instrument, the novel portable surface plasmon 

resonance biosensor for identifying the biomoleculars in sample solutions is urgent to 

be constructed. Correspondingly, the software specially designed to the biosensor and 

the association and dissociation constants should be considered to achieve the high 

efficiency [34]-[36]. 

1.2 Goal 

The goal of this project related to my thesis is the design of the data acquisition 

circuit and the establishment of the corresponding data algorithm, which are built 

successfully to collect the photoelectric signals from the line CCD array to calculate 

the locations of the surface plasmon resonance dip on the line CCD array and to perform 

the biomolecular kinetics of the association and disassociation processes.  
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The quantitative measurements for validating the sensitivity will be implemented 

in experiments in the thesis. Correspondingly, the reproducibility and recovery rate will 

also be evaluated [37]. 

This thesis will present a comprehensive optimization analysis whereby the novel 

biosensor using laser line generator may obtain the performance parameters regarding 

the dependence of sensitivity on optics and electronics structure. 

The difficulty is that the data algorithm and the data acquisition circuit should be 

considered with precision to optimally structure and software model. In this field, the 

Key Laboratory of Electronic and Electrical Engineering of Zhengzhou University 

and Henan Nongda Xuejie measurement and testing technology Co., Ltd will provide 

adequate supports.  

1.3 Methods 

1.3.1 Design of the data acquisition circuit 

In this project, the data acquisition circuit designed for the novel surface plasmon 

resonance biosensor was considered in advance. 

The data acquisition circuit for collecting the response signals from the line CCD 

array and transmitting it to the upper computer is mainly composed of a high 

performance microcontroller, a driver circuit for adjusting the power of the laser, a 

watchdog circuit for monitoring the power supply, and an extension memory for storing 

the initialized parameters [38]-[40]. In order to keep the temperature of the surface 

plasmon resonance biosensor constant, the special temperature controlling system using 

the TEC should be built successfully.  

In this thesis, the low cost laser line generator, a high performance microcontroller 

PIC24FJ128 and a high speed, 12-bit built-in A/D converter were used to collect the 

signals from the line CCD array.  

1.3.2 Data acquisition and algorithms for photoelectric signals from the 

novel SPR biosensor 
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There are three modularized software models involving data algorithms designed 

in this SPR biosensing system. One is the software for managing the microcontroller, 

the keyboard and monitor to perform the mean filtering and median filtering. The 

second one is designed for data acquisition, signals amplifying, A/D conversion, and 

data transmission. The last one is built for temperature controlling. The key of the data 

acquisition and data analysis established for the RU (reponse unit) curve is performed 

the process of the association and dissociation of both interactants binding on the 

surface of the Au film. The fundamental flowchart for obtaining the RU curve is listed 

below in Figure 1-1, which is also the principal software structure of this novel 

biosensor.  

 

 

 

Figure 1-1. The flowchart for forming the response curve of the surface plasmon 

resonance. 

In this thesis, mean filtering, median filtering and Maquart algorithm were utilized 

to analyze the data from the A/D converter. The kinetics analysis for obtaining the 

association and disassociation constants should be performed to know the 

performance of this novel surface plasmon resonance biosensor. 
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CHAPTER 2: THEORY 

2.1 Surface plasmon resonance biosensor 

It is known that the evanescent wave from the light in total internal reflection into 

a prism can excite a standing charge density wave on the gold surface [38]. A surface 

plasmon wave will be produced by the standing charge density at the interface between 

the metal film and biological medium, which is a P polarized electromagnetic wave due 

to P polarized light being parallel to the incident plane while the S polarized light being 

perpendicular to the incident plane according to the principle of surface plasmon 

resonance biosensor [39]. Generally, the structure used very often, so called 

Kretschmann model, which the 50 nm Au film was deposited on the end of the prism 

directly, was designed for the surface plasmon resonance biosensor shown in Figure 2-

1. The surface plasmon wave is generated by the corresponding evanescent wave at the 

interface between the Au film and the biological sample solution [40].  

 

 

Figure 2-1. Schematic diagram of the surface plasmon resonance biosensor based on 

the typical Kretschmann model 
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For the biosensor constructed by a prism with the coupling method of the attenuated 

total reflection, the propagation constants of the incident light wave and the surface 

plasmon wave along the x axis will be obtained in equation 2 and equation 3. 
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Where, the propagation constants for incident light wave and the surface plasmon wave 

are indicated with pr

x

sp

x kk , , respectively. m
~  is the complex refractive index of the 

metal film. pr is the angle formed between the incident light and the normal line of 

the prism. s  is the refractive index of the biological sample flowed through the metal 

film surface. C is the speed of light and omega   is the frequency of the surface 

plasmon wave.  

Both propagation constants will be equal, 
x

pr

x

sp

x KKK   while the surface 

plasmon resonance phenomenon occurring. At the resonance situation point, the 

intensity of the incident light is absorbed greatly. The intensity of reflective light is 

approximately zero. By using this relationship, the refractive index of the biological 

sample bound on the surface of metal film will be calculated. The refractive index of 

the metal film can be described by the equation 4 in term of the Drude dielectric 

dispersion model 
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Where,  is the damping coefficient and p  is the surface plasma wave frequency. 

The dielectric constant of metal film is associated with the wavelength of the 

incident light. Obviously, the modulation method using the incident light at different 
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wavelengths is utilized possibly to measure the refractive index of the biological sample 

on the surface of the metal film. So only the wavelength can be changed with a change 

of the index of refraction. Generally, the surface plasmon wave on the surface of the 

metal film is modulated from the dielectric constant of the thin metal film and the 

dielectric constant of the biological molecules adsorbed on the surface and within 200-

300 nm away of the surface. After the light at a certain wavelength and certain angle is 

shone on the interface between the prism and the Au film, the surface plasmon and the 

photon inside the Au film will be absorbed. This is seen by a minimum intensity value 

in the reflection spectra. The position of the minima is indicative of the chemistry on 

the surface of the SPR sensor. The shift for the minimum value is a measure of the 

dielectric constant or refractive index changes on the Au surface. 

 

2.2 Calculation equations 

2.2.1 SPR curve 

(1) The intensity of response signals (RU, response unit) from the SPR biosensor is 

calculated by the following expression. 

𝑅𝑈 =
(𝐷𝑆𝑎𝑚𝑝𝑙𝑒,𝑜𝑛−𝐷𝑊𝑎𝑡𝑒𝑟,𝑜𝑓𝑓)

(𝐷𝐴𝑖𝑟,𝑜𝑛−𝐷𝐴𝑖𝑟,𝑜𝑓𝑓)
                (5) 

Here, 𝐷𝑆𝑎𝑚𝑝𝑙𝑒,𝑜𝑛 is the A/D converted value of the voltage from the line CCD array 

when the biological sample is flowed through the surface of the Au film with the laser 

on. 𝐷𝑊𝑎𝑡𝑒𝑟,𝑜𝑓𝑓  is the A/D converted value of the voltage from CCD when the 

deionized water is injected through the Au film surface under the laser off. 𝐷𝐴𝑖𝑟,𝑜𝑛 is 

the A/D converted value of the voltage from CCD when the air is flowed through the 

Au film surface under the laser on. 𝐷𝐴𝑖𝑟,𝑜𝑓𝑓 is the A/D converted value of the voltage 

from CCD when the surface of the Au film is dry under the laser off. The amplitude-

limiting filtering algorithm was used to eliminate the gross errors in processing the 

A/D converted value from the CCD before calculating the RU. The SPR curve was 
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produced by plotting RU values obtained from the median filter on the Y axis, and the 

pixels position of CCD on the X axis.  

 

2.2.2 Improved first-order centroid algorithm  

A centroid algorithm for determining the minimum position of a SPR-modulated 

spectrum is basically to find the geometric center of the resonance minima. The first-

order centroid algorithm was applied to calculate the surface plasmon resonance 

position indicated by Pi in Figure 2-2. 

 

 

Figure 2-2. Schematic diagram of the calculation of the pixel position of the resonance 

dip based on the centroid algorithm 

 

The SPR angle corresponding to the pixel position at the resonance dip is 

determined as: 

  𝑃𝑖 =
∑ |𝐼𝑏−𝐼𝑖|×𝑖
𝑛
𝑖=𝑚

∑ |𝐼𝑏−𝐼𝑖|
𝑛
𝑖=𝑚

                 (6) 

Where, 𝐼𝑖 is the intensity of reflected light from the CCD array at the certain angle of 

incidence denoted with i, and 𝐼𝑏 is the intensity at the baseline, which is a crucial 

parameter that affects the noise level in the calculation of the centroid, n and m are the 

two integration points on the x axis, which were obtained by the interception of 𝐼𝑏 
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through the surface plasmon resonance curve. Generally, the lower baseline value will 

reduce the number of points for calculating the surface plasmon resonance position. 

Conversely, a higher baseline value will increase the Signal-to-Noise Ratio (SNR) by 

including more pixels i during the calculation of the resonance position. In the 

conventional centroid method, 𝐼𝑏  is a constant value, however, in this modified 

centroid algorithm, the value of 𝐼𝑏 varying with the values of I max and I min is 

determined as   

𝐼𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 =
𝐼𝑚𝑎𝑥+2𝐼𝑚𝑖𝑛

3
              (7) 

 

2. 3 Data structure 

Data structure is considered to organize all the data from the SPR biosensor 

efficiently in the memory associated with the microcontroller. The 2048 photoelectric 

values from the 16-bit A/D converter are quantified as 16-bit binary codes if the 16-bit 

A/D converter was chosen. The RU value, defined before, is normalized to calculate as 

the 16-bit A/D converted value of the voltage from the line CCD array when the 

biological sample was flowed through the Au film surface was divided by the 16-bit 

A/D value of the voltage from the CCD array when air was occurred over the Au film 

surface (see Equation 5). Therefore, the RU value is the 16-bit binary codes as well. It 

is known that the lowest and the highest RU values are corresponding to 1 and 65536, 

respectively. It is available with the storable range from -32,768 to 32,767 in 2 bytes if 

the RU values are expressed in the type of short integer. Obviously, the storable ranges 

expressed in the types of long integer, single-precision floating-point number and 

double-precision floating-point number are -2,147,483,648 to 2,147,483,647 in 4 bytes, 

approximately -3.4E38 to 1.2E38 in 4 bytes, and approximately -2.2E308 to 1.8E308 

in 8 bytes, respectively. The data type should be taken the least required storage space 

into account before the data structure was considered intensively. For example, which 

one of the types of the short integer, long integer, float and double should be optimized 

to be used? Certainly, the minimum amount of the required storage space is not only 
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considered in this biosensor system, but also the efficiency for data retrieval should be 

linked. In this project, the RU values were only needed to be stored in the type of integer, 

such as -32,768 and 32,767. Therefore, for this experiment, the data structure used in 

the type of short integer was chosen due to occupying 2 bytes only for one measurement 

value, while the other types of data structure takes up more than 4 bytes. 

 

2.4 Microcontroller and interfacing 

The data exchange is carried out through the I/O interfacing device when the 

microcontroller is utilized, which is programmed using C language. The 

microcontroller arithmetic, instruction sets, I/O interfacing, I/O interruptions, and 

programming Timer/Counters are considered intensively. The I/O interfacing 

components were used to connect with the peripheral I/O device and the 

microcontroller by the protocols managed by international standard organizations, 

which are applied to standardize the electrical and mechanical process and the 

functional control of acquisition circuit.  

 

 

Figure 2-3. Block diagram of the interface between the microcontroller and biosensor 

for constructing the novel biosensor 
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An interfacing system for constructing the data acquisition circuit of the SPR 

biosensor is a combination of biological sensing components and photoelectrical 

signals processing system. It has three layers of this interfacing system: one of these is 

dedicated to transduce the refractive indexes changed on the Au film surface into 

voltage signals (biosensor) in real time; one of these amplifies and conditions the 

voltage signals to appropriate signals and converts the voltage signals into digital 

signals (operational amplifier, filter, and A/D converter), while the digital signals 

(microcontroller) were processed in the last part of the interfacing system. From the 

Figure 2-3, it can be shown that the I/O device, such as A/D converter, is used to solve 

the problem of matching signal conversion between the analog electrical signal and the 

digital signal, and the problem of matching data transmission between the 

microcontroller and I/O devices.  

Generally, applications of microcontrollers in biological sample measurement 

systems can be categorized in terms of the following roles: (1) biological data process 

including the data acquisition, signal condition, data extraction, compression, 

interpretation, recording, storage, and communications; (2) biosensor control including 

on/off control of biosensors, actuators, and process controls; (3) human-machine 

interface used to provide operators with a meaningful user interface to display control 

information ergonomically; (4) experiment involving commissioning, testing, and 

general prototyping of the targeted system. (5) reporting and documentation involving 

data recording and maintaining records of operational procedures. 

For this biosensor system described in Figure 2-3, once the refractive index that 

was changed with the concentrations of biological samples has been converted into 

electrical signals by the SPR biosensor on which the molecular identification membrane 

immobilized in advance, the process control strategy can be implemented by the 

microcontroller. This advanced biological sensing system exists to monitor and process 

the changes of refractive index efficiently. Obviously, the microcontroller plays an 

important role in data acquisition and decision implementation. 

2.5 Filter 
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2.5.1 Considerations of the random and systematic errors  

Random errors can be reliably estimated by repeating measurements in this 

experiment. From the data obtained from the experiment, some of measurement results 

were above the mean, while some of them were below. The error estimate is used from 

the random distribution of the measurement results around the mean value. As we know, 

random error can be easily quantified using the standard deviation equation, while 

systematic errors are associated with a flaw in the biosensor or in the design of the 

experiment. Systematic errors cannot be estimated by repeating the experiment with the 

same biosensor. It is much harder to estimate than random errors. In order to identify 

systematic errors, the nature of the experiment process and the biosensor platform 

should be understood completely.  

2.5.2 Amplitude-limiting filtering algorithm 

As the CCD array was used in this experiment, 𝐷𝑆𝑎𝑚𝑝𝑙𝑒,𝑜𝑛, 𝐷𝑊𝑎𝑡𝑒𝑟,𝑜𝑓𝑓,𝐷𝐴𝑖𝑟,𝑜𝑛 , and 

𝐷𝐴𝑖𝑟,𝑜𝑓𝑓 , defined before, obtained from the A/D converter do not obey the statistical 

law completely. The traditional method of removing gross errors only process data from 

the view of numerical value. It cannot reflect the characteristics of data changed with 

time. Taking amplitude-limiting filtering algorithm into account for processing the raw 

data, the gross errors can be solved efficiently. 

The following procedure for programming is considered. 

 (1) The A/D converted values, such as 𝐷𝑆𝑎𝑚𝑝𝑙𝑒,𝑜𝑛, 𝐷𝑊𝑎𝑡𝑒𝑟,𝑜𝑓𝑓, 𝐷𝐴𝑖𝑟,𝑜𝑛, and 𝐷𝐴𝑖𝑟,𝑜𝑓𝑓, are 

stored in the RAM in a temporal data set, which can only be temporary read and restored, 

and are expressed as X1, X2, X3, …, Xn, respectively. The first one of the A/D converted 

values is X1, while the last one is Xn. 

 (2) The increment of the both adjacent A/D converted values is denoted Yi, namely, 

Y1=X2-X1, Y2=X3-X2, Y3=X4-X3,…, Yi=Xi+1-Xi,…, Yn-1=Xn-Xn-1.  

(3) The maximum permissible increment (denoted A) of both adjacent A/D converted 

values was determined by the maximum slope (denoted Vmax) of Xi and the sample 

period T. So the A value can be calculated by the following expression. 
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𝐴 = 𝐾𝑉𝑚𝑎𝑥𝑇                            (8) 

Obviously, the amplitude-limiting filtering algorithm will be understood completely by 

using the following criterial Equation 9.  

      ∆𝑥 = |𝑦𝑖|{
≤ 𝐴, 𝑥�̅� = 𝑥𝑖 
  > 𝐴, 𝑥�̅� = �̅�𝑖−1

}                          (9) 

Where, 𝑥�̅�  is the result from the amplitude-limiting filtering algorithm in the 𝑖𝑡ℎ 

sampling period. 𝑥𝑖  is the sampling value in corresponding 𝑖𝑡ℎ  sampling period 

without amplitude-limiting filtering, while �̅�𝑖−1 is the previous value obtained from 

the amplitude-limiting filter. 

2.5.3 Median filter algorithm 

It is known that smoothing (low pass) filters can reduce noises. Obviously, for 

obtaining a high quality image, this is clearly not true at edges, and blurring of features 

results. Consequently, the convolution techniques can be used to implement weighting 

kernels as a neighborhood function, which represented a linear process. There are also 

nonlinear neighborhood operations that can be performed for the purpose of noise 

reduction that can do a better job of preserving edges than simple smoothing filters. 

Median filter was first introduced by Tukey in 1974 to improve the image quality 

by trying to suppress the noise [41]. Especially, it can do an excellent job of rejecting 

the shot or impulse noise in which some individual pixels have extreme values. 

However, the linear filter technology, such as the least mean square filter and mean 

filter cannot solve this problem. Like the mean filter, median filter considers each pixel 

in the image in turn and looks at its nearby neighbors to decide whether or not it is 

representative of its surroundings. Instead of simply replacing the pixel value with the 

mean of neighboring pixel values, it replaces it with the median of those values. The 

median is calculated by first sorting all the pixel values from the surrounding 

neighborhood into numerical order and then replacing the pixel being considered with 

the middle pixel value. For an even number of pixel values contained under 

consideration, there is more than one possible median. Sometimes, the average of the 

two middle pixel values is used.  

http://dict.cn/criterial%20equation
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In median filtering, the neighboring pixels are mostly ranked according to 

brightness (intensity) and the median value becomes the new value for the central pixel. 

In the median filtering operation, the pixel values in the neighborhood window are 

ranked according to intensity, and the middle value (the median) becomes the output 

value for the pixel under evaluation [42].  

 

2.6 Biomolecular interaction kinetics 

If a single ligand binds to receptor in a 1:1 stoichiometric ratio to form the 

receptor-ligand complexes, the association process is described by considering two 

substances ligand A and receptor B combine to emerge a compound AB. In a practical 

reaction, both the association and dissociation processes occur simultaneously. For 

reversible associations and dissociations in a chemical equilibrium can be described by 

the following expression: [43]-[45] 

                𝐴 + 𝐵  
     𝐾𝑎     
→      

     𝐾𝑑     
←      

 𝐴𝐵                        (10) 

where: 𝐾𝑎 is the association rate constant used to describe the binding affinity between 

ligand A and receptor B (mol∙L-1∙s-1), The dissociation constant 𝐾𝑑 is the ratio of the 

concentration of the dissociated to undissociated compound (s-1).                                              

                

                       𝐾𝑑     =
[𝐴][𝐵]

[𝐴𝐵]
                        (11) 

Here, the brackets denote the equilibrium concentrations of the various substances. In 

the receptor and the ligand binding process, two reactions take place as follows: (a) the 

total number of associations per unit time interval in a particular region is proportional 

to the total number of receptors involved, because they all can create a compound with 

the same probability; (b) On the other hand, for each compound, there is certain 

probability that within a unit time interval it will dissociate into A and B.               
    

                                                                                                                                                                                                                                                                                      

According to the explanation in literature 37, if the concentrations of the compound AB 

obtained at plateau phase are represented by R and the concentration of free receptor is 

denoted as Rmax, the equation for describing the chemical equilibrium can be expressed 

as: 
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    𝐾𝑜𝑏 = 𝐾𝑎𝐶𝐴 + 𝐾𝑑                  (12) 

Where, CA denotes the initial concentration of ligand A. If the initial response value R0 

is 0 at the initial time t0 (t0=0), the response value R can be solved from the equation 13 

using the Integration Transformation Method, which is written as the following 

expression illustrated at the arbitrary time t: 

𝑅 =
𝐾𝑎𝑅𝑚𝑎𝑥𝐶𝐴

𝐾𝑎𝐶𝐴+𝐾𝑑
(1 − 𝑒−𝑘𝑜𝑏𝑡)              (13) 

Where, 𝑘𝑜𝑏 = 𝐾𝑎𝐶𝐴 + 𝐾𝑑    

Then we use the value of response ABeq instead of  
𝐾𝑎𝑅𝑚𝑎𝑥𝐶𝐴

𝐾𝑎𝐶𝐴+𝐾𝑑
, the equation 13 can be 

expressed as: 

  R=𝐴𝐵𝑒𝑞(1 − 𝑒−𝑘𝑜𝑏𝑡)                (14) 

When the ligands combine with the receptors completely in the area of association, the 

dissociation of compounds begin. Therefore, in the dissociation process with the 

concentration of ligand of zero, the equation 12 can be rewritten in the following form. 

When the ligands combine with the receptors completely in the area of association, the 

dissociation of compounds begin. Therefore, in the dissociation process with the 

concentration of ligand of zero, the equation 12 can be rewritten in the following form. 

𝑑𝑅

𝑑𝑡
= −𝐾𝑑𝑅                     (15) 

For solving equation 15 by Integration Transformation Methods, we get the response 

values of the surface plasmon resonance biosensor R, that is   

                         𝑅 = 𝐴𝐵𝑒𝑞𝑒
−𝑘𝑑(𝑡1−𝑡2)                      (16) 

Where, t1 is the initial time of dissociation, t2 is arbitrary time between the initial time 

and the end time, and R is the response value of SPR at time t2. The affinity constants 

can be determined from the SPR data obtained from the SPR biosensor at the steady 

response state during the association phase. However, the ratio of the association and 

dissociation constants KA can be calculated from the affinity constants ( ak , dk ) [46]. 

That is listed as follows: 
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                         𝐾𝐴 =
𝑘𝑎

𝑘𝑑
=

1

𝐾𝐷
                         (17) 

Now, assume y=R, a=ABeq and b= kob, the equation 14 can be simplified as: 

          𝑦 = 𝑎(1 − 𝑒−𝑏𝑥)                    (18) 

The kinetic model of dissociation process can be simplified to 

                     𝑦 = 𝑎𝑒(−𝑚𝑡)                     (19) 

Where, m=kd. Then obtain the association rate constant according to the expression b

=kob= ak CA+ dk . Finally, calculate the value of affinity constant KA and KB. 

2.7 Algorithm of the association and dissociation rate constants 

The Gauss-Newton algorithm is considered to be used firstly. For the kinetic model 

of association  𝑦 = 𝑎(1 − 𝑒−𝑏𝑥) , the corresponding y (𝑥𝑖 , 𝑦𝑖 ) were obtained from 

experimental results, and it was used to calculate parameters 𝑎, 𝑏. First, the initial value 

of 𝑎, 𝑏 should be given, named 𝑎0, 𝑏0 respectively. The actual values of 𝑎, 𝑏 were 

obtained from the following equations: 𝑎 = 𝑎0 + ∆1 and 𝑏 = 𝑏0 + ∆2 

where, ∆1 ∆2 represent the increments of 𝑎0, 𝑏0, respectively. Then the values of ∆1, 

∆2will be obtained from the following procedures. The function of 𝑦 = 𝑎(1 − 𝑒−𝑏𝑥) 

is expanded using the Taylor series at the point (𝑎0, 𝑏). The results will be expressed in 

equation 20 by ignoring the Quadratic term [47]. 
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The residual value Q between experimental and theoretical value is obtained by utilizing 

least square method. The equation is shown as following,   
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is determined by the known𝑎0 , 𝑏0 values. Both
a

y



 and
b

y



 are the 

function of independent variable x. Moreover, x is the experimental result. Hence, 

equation 21 can be simplified to the linear relationship on ∆1,  ∆1as follows:                                                                
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Rearrange above equation 22 to the equation 23.      
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Correspondingly,  
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Where, the following substitution will be done.     
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So, both equation 28 and equation 29 can be arranged to:     
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The equation 30 is the equation involving both unknown parameters denoted as ∆1, 

∆2. Once, ∆1, ∆2were calculated, both parameters denoted as  a, b can be obtained 

according to the following expressions: 𝑎 = 𝑎0 + ∆1 , b= 𝑏0 + ∆2 . Here, 𝑎0, 𝑏0  are 

replaced by 𝑎1, 𝑏1. The iterative process may be continued to do until the criterion for 

convergence is satisfied (e.g. max 1 <= 1 and max
2

<= 2 ). The fitting curve is 

shown in Figure 2-4. However, this method is more dependent on the initial values. 
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Different initial values might cause the iterative divergence. For this reason, the other 

algorithms will be further considered in this thesis. 

 

Figure 2-4. The SPR resonant fitting curve obtained using the Gauss-Newton algorithm. The blue 

dots around the red line are the raw data which collected from the linear CCD array and the red line 

is the fitting curve. 
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CHAPTER 3: CIRCUIT DESIGN of the DATA ACQUISITION 

SYSTEM 

3.1 Microcontroller and its development environment 

The schematic diagram for constructing the novel surface plasmon resonance 

biosensor is described in Figure 3-1 in this project. The laser line generator is the key 

component to be used to excite the free electronics which were oscillated in the metal 

film (Au film) originally to produce the surface plasmons. In this setup, the laser line 

generator does not need to be moved to change the angle of the incident beam which 

shines on the interface between the end of the prism and the Au film after the laser 

line generator was exactly fixed. The divergent angle of the laser line generator 

related to the incident beam is totally different from the one used in the conventional 

surface plasmon resonance instrument. The advantages of this novel biosensor are 

moveless parts used for changing the angle of incident light to obtain the surface 

plasmon wave and reduce the cost of the instrument extremely if a novel instrument is 

going to be developed using this construct of biosensor later [48]. 
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Figure 3-1. Schematic of the novel surface plasmon resonance biosensor using the laser line 

generator and a linear CCD 

 

The PIC24FJ128 is a very versatile piece of hardware, which has been designed 

using the modified Harvard Architecture to achieve the high performance CPU with 

reaching up to 16 MIPS operation speed. The 17-bit × 17-bit Single-Cycle Hardware 

Multiplier, 32-bit × 16-bit Hardware Divider, 16 × 16-bit Working Register Array, and 

the C Compiler Optimized Instruction Set Architecture are included inside the CPU. 

Along with the MPLAB IDE and the free C30 compiler, these tools from Microchip 

Company make for a powerful combination. This circuit designed for the surface 

plasmon resonance biosensor, the microcontroller PIC24FJ128GA008 utilized to 

receive the data from the A/D converter and the laser line generator are arranged 

together perfectly to calculate the surface plasmon resonance pixel positions, to plot the 

surface plasmon resonance curve, to perform the kinetics analysis and to transmit the 

data to the PC. The hardware components combined to realize the function of this SPR 

biosensor has been determined as the block diagram shown in Figure 1-3 in terms of 

the functional requirements of this biosensor [49]-[50]. 
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The data obtained from the linear CCD was transmitted to the module of signals 

condition circuit, which can be used to amplify the photoelectric voltage. The A/D 

converter is understood intensively to convert the photoelectric voltage into digital 

signals. The light intensity of the laser line generator can be controlled through the I/O 

port embedded inside the microcontroller. The extension memory was considered to 

save the measurement results which can be used for the kinetics analysis and storing 

the parameters described in the memory allocation to keep the biosensor run efficiently. 

In order to keep the internal temperature of the bioanalyzer and the microfluidic cell 

constant to improve the signal-noise-ratio (SNR), the special circuit module designed 

for the temperature control system has been constructed technically. The electronic 

functional block diagram for designing the temperature controller implemented in the 

bioanalyzer is illustrated in Figure 3-2. The biosensor module and the microfluidic cell 

were enclosed in a stainless steel clamp, which was machined for optimal contact with 

the biosensor module and the temperature controller with a TEC. In this experiment, 

the stainless steel housing was insulated in an opaque black plastic box for better 

temperature control and for low level of ambient light to reach the significant increases 

of the response voltage. The high-precision temperature sensor was used to detect the 

temperature which was transmitted to the microcontroller PIC16F876A with a PID 

algorithm to keep the clamp temperature constant by controlling the current of the 

TEC chip. The PIC16F876A features 256 bytes of EEPROM data memory, self-

programming, an ICD, 2 comparators, 5 channels of 10-bit Analog-to-Digital (A/D) 

converter, 2 capture/compare/PWM functions, the synchronous serial port can be 

configured as either 3-wire Serial Peripheral Interface (SPI™) or the 2-wire Inter-

Integrated Circuit (I²C™) bus and a Universal Asynchronous Receiver Transmitter 

(USART). All of these features make it ideal for more advanced level A/D applications 

in automotive, industrial, appliances and consumer applications. In this experiment, 

two electric fans are used to disturb the internal wind inside the housed plastic box to 

adjust the temperature of the TEC chip associating with the atmosphere temperature. 

The alarm will be given if one of the electric fans was damaged. The information of 

the working status including the internal temperature in Celsius degree and fans speed 
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in RPS (revolutions per second) was transmitted to the upper PC and was monitored 

on the screen in real time [51]. 

 

 

Figure 3-2. Structure diagram of the temperature control system for the optical SPR biosensor 

 

3.2 Memory considerations and dynamic storage allocation 

3.2.1 Considerations of the extension memory management   

There are no EEPROM in the microcontroller PIC24FJ128, therefore, the extension 

memory should be connected to store the response signals (RUs) from the surface 

plasmon resonance biosensor through the Inter-Integrated Circuit (I2C) interface.  A 

record index and corresponding measurement results are included in each data set. The 

record index was used to mark the location of the measurement result stored in the 

extension memory which is a type of nonvolatile memory. In this experiment, the data 

for calculating the RU values used to plot the surface plasmon resonance curve, for 

finding the internal data record, and for the communication with PC are stored in this 

extension memory due to the limitation of the internal EEPROM memory in the 

microcontroller. The settings for the extension memory are presented as follows.  

3.2.2 Memory capacity 



 

23 

 

The memory capacity of this extension memory is suggested to be 32KB (32768 

Bytes). If the RU value was expressed in a long integer, it can be used to store up to 

32768/4 (8192) measurement results maximally. The time for finishing the 8192 

measurements is 8192 s (approximately 136 minutes) if the sample cycle is 1s when 

one channel was chosen to use. It takes more than 2 hours to occupy the space of the 

extension memory fully. According to the estimated method described above, there are 

4096s (approximately 68 minutes) with two channels, and 2730s (approximately 45 

minutes) with three channels for using up the space of this extension memory, 

respectively. The approach of using one more extension memory device or using one 

large capacity extension memory device is probably to be considered if the current 

extension memory was not enough to accommodate these measurement results.  

3.2.3 Memory allocations 

Three different areas are defined in the extension memory device which is involved 

to the memory space of record indexes, measurement results and parameters which are 

used to perform the biosensor and temperature controller. The parameters for running 

the SPR biosensor are stored in the parameter areas which were offered the reserved 

room of 16 or 32 bytes in the extension memory. 

(1) The sequence numbers (serial number), data status (valid/invalid), channel 

numbers, the first address of this extension memory, total data capacity and the 

corresponding measurement information are stored in the record index area. The 

measurement results are stored in the corresponding format of data set in the data area. 

Generally, the block 0 area was used to store the parameters and record indexes, while 

the other of the rest spaces in the extension memory are allocated to store measurement 

results. In this experiment, the block 0 was used to store the parameters only, the record 

indexes (suppose the data was stored in 32 bit data format) are stored in the area of 

block 1 and the measurement results are stored in the following blocks in order to 

upgrade the memory capacity easily.  

(2) Parameters allocations. The first 128 bytes in this memory were used to store 

the parameters, while the following 128 bytes were used to store the indexes of the 
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record index area. The rest memory space will be used automatically once the previous 

memory space was damaged due to the repeated writing and reading. In the last part of 

the parameter allocation area, the first 16 bytes of this space were used to store the 

indexes of the sequence number and the first address of the measurement results, while 

the next 32 bytes of this space were used to store the sequence number of the 

measurement results.  

(3) The record index area allocation. There are 8 bytes occupied by the each record 

index, that are the serial number (1 bytes) produced by the record indexes, valid status 

(1 bytes),  the number of channels (1 bytes), the starting address (2 bytes), the total 

spaces occurred (2 bytes), and 1 bytes was reserved.  

(4) Data area.  One data area can store only one record of measurement result. This 

stored data is retrieved. In this experiment, the memory device 24LC256 was used, 

which is a 32K8 (256 K bits) Serial Electrically Erasable PROM, capable of operation 

across a broad voltage range (1.7V to 5.5V). It has been developed for advanced, low-

power applications such as personal communications or data acquisition. This device 

also has a page write capability of up to 64 bytes of data to prolong this device lifetime 

greatly. This device is capable of both random and sequential reads up to the 256K 

boundary. Functional address lines allow up to eight devices on the same bus, for up to 

2 Mbit address space. It will waste larger memory space up to 63 bytes maximally if 

there are less than 64 bytes left was stored in the page write capability of 64 bytes of 

data, while it will waste the only 15 bytes maximally if there are less than 16 bytes left 

needed to be stored in the page write capability of 16 bytes of data. Therefore, it will 

improve the storage efficiency of this memory device by using the page write capability 

of 16 bytes.  

(5) Data storage area allocation. The data buffer area allocated for each channel 

which was used to inject the biological sample solution was set in public bodies, singe 

bytes and double words set. The counter of the total of data was designed for each 

channel with the modulus value of 4. The counter will be changed with counter+1 

automatically if one data was written into this area allocated to the counter. The request 

flag will be set if the overflow of the counter occurred (the request flag is set before the 
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biosensor starts to run. The prompting message “the data is not stored!” will be 

indicated promptly if the overflow was occurred. Of course, the word "the data is, 

overwritten!" will be suggested to be indicated if the request flag is valid if the data was 

written to the memory). The memory allocations of the memory chip 25LC256 are 

shown in Table 3-1. 

Table 3-1. Memory allocations of 25LC256 

Block0 Parameters area, the index of the record index area, the index of 

measurement result index area, the current starting address area. 

Block1 Measurement result record Index area, indicates the measurement result 

record number, valid status, number of channels, starting address, total of 

the data, etc. 

Block2 Measurement results area 

. 

. 

. 

Measurement results area 

Block127 Measurement results area 

3.3 CCD circuit  

The photoelectronic signals from the line CCD array in the SPR biosensing 

system was obtained by the following approach including SPR biosensor, line CCD 

array (UPD3575) and the microcontrollers (see Figure 3-3).   

  

 

Figure 3-3. Schematic diagram of the SPR signals acquisition system, including the 

line CCD array chip UPD3575 and microcontrollers 
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3.3.1 The parameter settings of the circuit module of UPD3575D CCD 

 

 

Fig 3-4. The circuit designed for the acquisition of the photoelectric signals from the 

UPD3575D 

UPD3575D is a 1024-bit linear image sensor capable of converting light into 

voltage. It is a charge coupled device (CCD). This product has a built-in driving circuit, 

as well as a 1024-bit photo sensor array and two 525-bit CCD charge transfer registers 

to reduce peripheral circuit. 

The main features of this linear CCD module include the built-in driving circuit 

being capable of directly driving TTL loads, the built-in output signal amplifier and 

sample hold circuit, a single 12 volts power source, and the low average dark voltage 

(less than 0.5mV). The circuit designed for the acquisition of the photoelectric signals 

from the UPD3575D was shown in Figure 3-4, while the principal block diagram of the 

UPD3575 is shown in Figure 3-5. 
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Figure 3-5. The block diagram of the components in the line CCD chip UPD3575 

From the Figure 3-5, the description of each pin is listed as follows. 

 TG: Transfer Gate clock 

 IO: Shift register clock 

 RO: Reset Gate clock 

 SHO: Sample and Hold clock 

RD: Reset Drain Voltage 

OD: Output Drain Voltage 

The rectangular connector which was located along one side of the circuit board (see 

Figure 3-4). Figure 3-6 indicated a DIP16 double in line package connector, whose 

pins are defined as follows. 
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Figure 3-6.The description of the DIP 16 double in line package connector located the side of the 

circuit board. 

The cycle settings of the pixel synchronous pulse are determined as follows. 

By using the jumping switch J1 in Figure 3-4, which can be used to change the pixel 

synchronizing pulse 's cycle, the pixel synchronizing pulse 's cycle may be set to reach 

to 2,4,8µs, respectively. 

 

 

 

 

     SP=1µs      SP=2µs    SP=4µs      SP=8µs 

 

Figure 3-7.  Parameter settings for obtaining the pixel synchronizing pulse’s cycle of1µs, 2µs, 

4µs, 8µs, respectively. 

The settings of the pixel synchronizing pulse cycle for the cycle of 1µs,  

2µs, 4µs, 8µs, respectively with corresponding integration time were described in 

Table 3-2, Table 3-3, Table 3-4, and Table 3-5, respectively.  

 

Table 3-2. The settings of integrated time were used to obtain the pixel synchronizing pulse's cycle 

of 1µs. 

Serial 

number 

M3 M2 M1 M0 Integration 

time(ms) 

 Serial 

number 

M3 M2 M1 M0 Integration 

time(ms) 

1 0 0 0 0 1.2  9 1 0 0 0 1.2 

2 0 0 0 1 2.3  10 1 0 0 1 2.3 

3 0 0 1 0 3.5  11 1 0 1 0 3.5 

4 0 0 1 1 4.7  12 1 0 1 1 14 

5 0 1 0 0 1.2  13 1 1 0 0 1.2 

6 0 1 0 1 2.3  14 1 1 0 1 2.3 

7 0 1 1 0 8.2  15 1 1 1 0 14.8 

ON    DIP 

1  2  3  4 

ON    DIP 

1  2  3  4 

ON    DIP 

1  2  3  4 

ON    DIP 

1  2  3  4 



 

29 

 

8 0 1 1 1 9.4  16 1 1 1 1 1.2 

 

Table 3-3. The settings of integration time when the pixel synchronizing pulse's cycle is set to 2µs. 

Serial 

Number 

M3 M2 M1 M0 Integration 

Time(ms) 

 Serial 

number 

M3 M2 M1 M0 Integration 

Number(ms) 

1 0 0 0 0 2.3  9 1 0 0 0 2.3 

2 0 0 0 1 4.7  10 1 0 0 1 4.7 

3 0 0 1 0 7  11 1 0 1 0 7 

4 0 0 1 1 9.2  12 1 0 1 1 27 

5 0 1 0 0 2.3  13 1 1 0 0 2.3 

6 0 1 0 1 4.7  14 1 1 0 1 4.7 

7 0 1 1 0 16.4  15 1 1 1 0 35 

8 0 1 1 1 18.6  16 1 1 1 1 2.3 

 

Table 3-4. The settings of integration time for obtaining the pixel synchronizing pulse's cycle of 

4µs. 

Serial 

number 

M3 M2 M1 M0 Integration 

time 

 Serial 

number 

M3 M2 M1 M0 Integration 

time 

1 0 0 0 0 4.7  9 1 0 0 0 4.8 

2 0 0 0 1 9.4  10 1 0 0 1 9.4 

3 0 0 1 0 14  11 1 0 1 0 14 

4 0 0 1 1 18.6  12 1 0 1 1 56 

5 0 1 0 0 4.7(24)  13 1 1 0 0 4.6 

6 0 1 0 1 9.4  14 1 1 0 1 9.4 

7 0 1 1 0 32.5  15 1 1 1 0 70 

8 0 1 1 1 37  16 1 1 1 1 4.7 

 

Table 3-5. The settings of integration time for obtaining the pixel synchronizing pulse's cycle of 

8µs. 
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Serial 

number 

M3 M2 M1 M0 Integration 

Time(ms) 

 Serial 

number 

M3 M2 M1 M0 Integration 

Time(ms) 

1 0 0 0 0 9.4  9 1 0 0 0 - 

2 0 0 0 1 14  10 1 0 0 1 - 

3 0 0 1 0 28  11 1 0 1 0 - 

4 0 0 1 1 38  12 1 0 1 1 - 

5 0 1 0 0 -  13 1 1 0 0 - 

6 0 1 0 1 -  14 1 1 0 1 - 

7 0 1 1 0 -  15 1 1 1 0 - 

8 0 1 1 1 -  16 1 1 1 1 - 

3.4. Considerations of the A/D converter 

The conversion rate is only 100K Samples per second (SPS) maximally if the A/D 

converter ADS8320 was used. The 10µs of sampling period will be calculated from the 

conversion rate of 100K SPS, which is larger than the maximum pixel synchronizing 

pulse's cycle 8µs produced in drive circuit module. Therefore, the high speed AD 

converter should be urgent to be chosen. For the microcontroller PIC24HJ32GP302, a 

A/D converter with the high conversion rate 1.1MSPS@10bit or 0.5MSPS@12bit is 

embedded inside the chip. If the high AD resolution was fitted, the 12-bit resolution 

was the top priority to be chosen. Therefore, the sampling period of 2 µs at the sampling 

rate of 0.5 MSPS was calculated. Correspondingly, the pixel synchronizing pulse's 

cycle of 2, 4, 8µs was appropriate to match. 

For the conversion resolution obtained from the mode of 0.5MSPS@12bit, the 

minimum AD conversion clock (TAD) of 117.6ns was found in the description of the 

data sheet of this microcontroller [49]. The minimum sampling time of 3TAD and the 

conversion time of 14TAD (17×117.6=1992ns) was calculated according to the total 

TAD values. The clock frequency of this microcontroller PIC24HJ32GP302 is found to 

be 4 × 7.3728MHz and the clock cycle is 33.9ns, and the instruction cycle is 

TCY=2×33.9=67.8 ns (TCY is less than TAD). 2TCY(2×67.8=135.6ns)  is more than 

mailto:1.1MSPS@10bit
mailto:0.5MSPS@12bit
mailto:0.5MSPS@12bit
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TAD(Min), so TAD=2TCY=TCY(ADCS+1),  and ADCS=1. It is known that the 

sampling cycle (SAMC) should be larger than 3TAD [49]. Here, at this condition, the 

sampling cycle is 18 TAD (18×135.6=2440ns=2.44µs), correspondingly, the sampling 

frequency is 410 KSPS. Due to the sampling cycle being over 2µs, the pixel 

synchronizing pulse's cycle of 4, 8µs are chosen, respectively. 

(1) The relationship between the pixel synchronization pulse (PSP) and signal output 

Vout. 

 

 

 

 

 

 

Figure 3-8.The functional description of one pixel synchronization pulse 

 

The output voltage Vout of the pixel signals starts to be changed while the arrival 

of the falling edge of the pixel synchronizing pulse is coming. The 𝑉𝑜𝑢𝑡  was kept 

changing when the pixel synchronizing pulse (PSP) is low level until the coming of the 

rising edge of PSP, and the 𝑉𝑜𝑢𝑡will be achieved stably while the PSP becomes high 

level in the first half cycle. The 𝑉𝑜𝑢𝑡 will be decreased up to 0V while the PSP kept a 

high level in the second half cycle. Therefore, the A/D converter will be started to run 

once the pixel synchronizing pulse's rising edge comes in (see Figure 3-9). The 

sampling process of the A/D converter must be finished in the period of half high level, 

otherwise, the 𝑉𝑜𝑢𝑡  will be dropped. The following conversion will be started 

automatically after the sampling being ended. Then the results from the A/D converter 

will be stored in the extensive memory after it was accumulated and averaged by the 

microcontroller.  

From the evaluation of both microcontrollers PIC24FJ128GA006 and 

PIC24HJ32GP302, the microcontroller PIC24FJ128GA006 can meet the actual 

demand of this novel SPR biosensor based on laser line generator due to the A/D 

𝑉𝑜𝑢𝑡  is changed 

while the PSP being 

at low level 

𝑉𝑜𝑢𝑡 is a constant 

value before the 

rising edge of PSP is 

occurred 

𝑉𝑜𝑢𝑡 Keeps 

constant while the 

PSP being at high 

level in the first 

half cycle 

𝑉𝑜𝑢𝑡 was decreased 

up to 0 while the 

PSP being at high 

level in the second 

half cycle 
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converter embedded in the microcontroller with a high conversion rate0.5MSPS@10bit 

and the minimum AD's clock cycle (TAD) of 75 ns. 

Generally, the maximum voltage of the pixel signal is 5V. The pixel signal output 

voltage 𝑉𝑜𝑢𝑡 should be decreased when the reference voltage of the A/D converter is 

3.3V. In order to fit this situation, two approaches were probably considered. One way 

is that the circuit for driving the line CCD was redesigned to decrease the maximum 

voltage of the pixel signal to 3.3V. The optional way is that the power supply for the 

A/D converter was decreased to the 3.3V from 5V directly by building the bleeder 

circuit and the operational amplifier circuit. The timing diagram of the linear CCD 

driver module was described as follows (see Figure 3-9). Transfer Gate clock was 

described in Figure 3-5. 

 

Figure 3-9 Timing diagram for the photoelectric signals acquisition of the line CCD array 

3.5 Communication 

The theoretical maximum transmission rate on this SPR biosensor constructed in 

this experiment is 115200 bit/sec (approximately 11520 bytes/sec). It takes more than 

178 ms to finish the transmission of the 1024 pixel signals (2048 bytes in total). 

Therefore, the short sampling cycle should be set up to 200 milliseconds with the 

considerations of delay produced by other factors. From what was described in above 

Table 3-2 to Table 3-5 and Figure 3-11, the period of the synchronizing pulse (SP) 

referred to the integration time is 9.4ms when the pixel synchronizing pulse (PSP) was 

set to 4µs. It takes 150 milliseconds to the consumption of 16 SP's cycle. Obviously, it 

cannot be chosen because the sampling period is less than 178 ms. It is available if the 

SP was set to 14ms, here, the sampling period of 224 ms was obtained with the SP 

mailto:0.5MSPS@10bit
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cycle of 16. According to the principle described above, the sampling period of 297 

ms was obtained with the consumptions of 16 SP cycle at single cycle of 18.6 ms Of 

course, it is available if the PSP was set to 8µs with the SP cycle of 14ms, while the 

SP cycle of 28ms is not the optimized approach. Summarily, the approach, for PSP= 

4µs and SP=14ms or SP=18.6ms will be available. Another approach, for SP=14ms, 

PSP=8µs is also available too. 

3.6 Program procedures 

For the considerations of the settings of the line synchronizing signal SP, the 

interrupt (being valid at the rising edge) was used. The PSP pulse sequence number 

(65535) was set in the initializing service program and the PSP was set to trigger the 

interrupt (The A/D converter was started while the interrupt occurred). Meanwhile, 

the value of SP was accumulated (commonly, the value of the SP is between 0 -15. 

The initialized value is 15). 

For the considerations of the pixel synchronization signal PSP, the interrupt 

(being valid at the rising edge) was also used. The A/D sampling was launched and 

the sequence number PSP pulse was increased in the design of the interrupt service 

program. The A/D conversion started automatically once the A/D sampling was over. 

For the consideration of the A/D converter, the interrupt of the AD conversion was 

programmed. The judgment of the PSP sequence number was programmed after the 

AD conversion is over. The PSP interrupt was prohibited if the SP sequence number 

was greater than or equal to 1023. The AD converted values were processed if the PSP 

sequence number was less than 1024.  

The data was written to the specified location of the buffer directly otherwise, it 

was rewritten to store the specified location of the buffer if the SP sequence number 

was 0, which is determined by the PSP pulse sequence number. 

The data were averaged and transferred to the serial port communication buffer, if the 

SP sequence number is 15. The data flag bit was uploaded if the condition of SP=15 

and PSP = 1023 was reached. 



 

34 

 

3.7 Software design 

The block diagram of the data processing was descripted as shown in Figure 3-10. 

 

 

Figure 3-10. Flow block chart of the data processing 
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CHAPTER 4: RESULTS AND ANALYSIS 

4.1. Temperature experiments 

 

 

Figure 4-1.The schematic diagram of the temperature controlling system for the SPR 

biosensor  

 

From Figure 4-1, the thermoelectric cooler (TEC semiconductor chip) is the main 

component used in this experiment for heating or cooling by changing the current 

direction through the TEC chip. The driver with the PID algorithm was designed to 

control the internal temperature of the biosensor for keeping it working at the 

temperature of 25°C. The narrow measurement range of temperature was obtained by 

the thermistor sensor to improve the precision of the constant temperature controller. 

Temperature tracking characteristics is defined as the relationship between the 

changes of the temperatures and the heating time or cooling time until the internal 

temperature of the biosensor reached to the setting values. Generally, the temperature 

curve was presented for showing the temperature tracking characteristics. Provided 
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the initialized temperature point is set as T, for the next points T-0.5°C, T+1.0 °C, T-

1.0 °C, T+0.5°C, respectively were set in turn to perform the temperature curve. The 

results were shown in Figure 4-1. 

 

 

Figure 4-2. The curve of the temperature response with the different 

temperature setting parameters 

A 16-bit A/D converter was utilized in the temperature control circuit, which was 

set to work at a differential mode (both input voltages change in opposite directions). 

The sampling of the A/D converter with 15-bit resolution was produced due to the 

single-ended temperature signals. Hence, the A/D converted values were changed in 

the range from 0 to 32767. The temperature range which can be measured by the 

thermistor sensor should be as small as possible to obtain the resolution of 0.01°C. For 

example, the A/D converter value of 327 was gotten with the variation of 1°C in the 

temperature measurement range from 0 to 100°C, and so on. The A/D converted value 

of approximately 3 was gotten with the variation of 0.01°C in the same temperature 

range of 100°C.  

However, the A/D converted value of 32767 was gotten with the variation of 1°C 

in the temperature measurement range from 0 to 1°C, while the variation of A/D 

converted value of 327 was gotten with the variation of 0.01°C in the same temperature 

measurement range of 1°C. It can be known that the narrower the temperature 
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measurement range is, the larger A/D converted value at the variation of 0.01°C should 

be obtained. Obviously, the high-precision temperature controller was designed in the 

temperature measurement range from 0 to 2°C. In this situation, the A/D converted 

value of 16383 was gotten with the variation of 1°C in the temperature measurement 

range of 2°C, while the A/D converted value of 163 was gotten with the variation of 

0.01°C in the same temperature measurement range of 2°C. 

In order to validate the properties of this temperature controller, the disturbance 

suppressing characteristics are needed to verify accordingly. It was defined as that the 

temperature control system can adjust the temperature automatically to reach the 

constant temperature point regardless the disturbances of the outside temperature. The 

time needed to achieve the constant temperature point is the key parameter involved in 

this issue. In this experiment, the current flowed through to the TEC chip for heating 

was stopped if the temperature deviation is larger than the A/D converted value of 

16000 (corresponding to 1°C), however, the cooling system starts to work then. The 

experiment results of the temperature perturbation with the temperature changes s 

approximately  1°C was shown in Figure 4-3.  

 

 

Figure 4-3  The temperature control curve obtained with the temperature 

perturbation 

After the temperature perturbation was stopped, the time-dependent temperature 

changes of the temperature control system using TEC chip was shown in Figure 4-4.   
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In the beginning of the time, a big peek was involvingd during this time. Then the 

temperature value drops rapidly to reach the steady state after working for 500s.  

 

 

 

Figure 4-4  The time-dependent temperature changes of the temperature controlling 

system 

The precision features of this temperature control system were defined as the 

maximum deviations obtained from the temperature control system when it was 

launched to work at a constant and known temperature point during a period of time. 

In this system, the deviation was found to be ±0.03 C  for working in two hours (shown 

in Figure 4-5)  
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Figure 4-5. The biases of the maximum temperature response produced during the 

process of a short time period 

In Figure 4-5, the maximum temperature bias ±500 in the AD converted value was 

produced. It is corresponding to the approximately temperature variation of 0.03 C  

(500/163=3.07) in the period of time 7200s.  

In this project, another approach to measure the temperature instead of the 

thermistor in real time was developed as well. The digital temperature sensor TMP75 

was utilized to obtain the temperature in this temperature control circuit. The maximum 

resolution of this temperature sensor is 0.0625 C  and the maximum measurement 

errors vary around ± 1.5 C  (25 C - 85 C ) according to the description in the product 

datasheet of TMP75 sensor. The temperature response curve established by the large 

temperature perturbation was shown in Figure 4-6. From the Figure 4-6, the constant 

temperature point was achieved after the temperature controlling system had been 

working over of 7200 s. 
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Figure 4-6  Temperature response curve established by the large temperature 

perturbation occurring 

4.2 Filter experiment 

4.2.1 Median filter 

The blue curve indicated in the Figure 4-7 was the raw data from the linear CCD 

array when the ethanol solution at the concentration of 10% was injected through the 

surface of the biosensor. The fluctuation was seen clearly in the Figure 4-7. The 

reason that the fluctuation produced in this experiment was caused from the dirt on 

the surface of CCD or the bubbles embedded inside the sample solutions. The red 

curve was obtained by using the median filter algorithm which was used to remove 

the extreme valuesproduced in the raw data. The surface plasmon resonance curve 

was established by the polynomial curves fitting (see Figure 4-8).  

 



 

 41 

 

Figure 4-7. The results obtained by the median filter 

 

Figure 4-8. The red curve obtained by the polynomial curves fitting 

4.3 SPR curve 



 

 42 

By taking the ethanol solution as the standard detected sample, no ligand was 

immobilized on the biosensor surface on which was deposited of 50nm gold film as 

the specific acceptor for identifying the ethanol molecules to avoid influencing 

produced by the biomolecular identification membrane. The known concentrations of 

the ethanol solutions are 5%, 10%, 20%, 30%, 40%, and 50% in volume fractions, 

respectively and the deionized water was flowed successively over the biosensor 

surface to obtain the baseline signals. The response signals obtained from the different 

known concentrations were shown in Figure 4-9. 

In this experiment, the ethanol molecules started to associate with the Au film 

after 400s for reaction in solutions. Then the response signals increased rapidly until 

to the plateau [52, 53]. From Figure 4-9, it indicated that the association curve was 

gradually dwindled obviously with increasing of the ethanol concentration. There are 

distinctly differences occurring between two curves obtained from two adjacent 

sample concentrations, which demonstrated that a higher sensitivity can be achieved.  

 

 

Figure 4-9. Sensor response diagram obtained from different concentrations of ethanol solutions. 

The sensorgram obtained from concentrations of 5%, 10%, 20%, 30%, 40%, and 50% in volume 

fractions, respectively 
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The samples with concentrations of 5%, 10%, 20%, 30%, 40%, and 50% were 

measured repeatedly five times, respectively. The mean response values of these 

known concentration samples were calculated to be 527, 1089, 1373, 1721, 751, 604 

in delta response units, which refers to the sensor response induced by biomolecular 

binding, changing the local reflective index (RI) at the sensor interface. Importantly, a 

response (background response) will also be generated if there is a difference in the 

refractive indices of the running and sample buffers. This background response must 

be subtracted from the sensorgram to obtain the actual binding response (delta 

response units, delta RU). Hence, the refractive index of the medium is directly 

related to the delta RU. The coefficient of variation of the repeated measurement was 

also calculated to be 5.72%. The fitting equation can be obtained with 

RU=31.84021+43.54561C with the R-Square of 0.99625, where C is the 

concentration of the sample (see Figure 4-10). 

 

Figure 4-10. The fitting curve established by delta response units with different 

standard ethanol concentrations ranged from 10% to 60% 
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4.4 Kinetics 

In order to calculate the association and dissociation rates, the binding reaction 

between the Antibody to hepatitis B surface antigen (HBsAg) and the Antibody to 

hepatitis B surface antibody (HBsAb) was performed in this experiment. There are 

three steps should be followed: (1) immobilizing the HBsAb on the sensor surface, 

then the PBS (pH7.4) are buffer solution used to clean the sensor surface in order to 

obtain a highly stable response baseline. (2) flowing of sample solution of HBsAg 

which was diluted to 100-fold was injected into the microflow cell (estimated 

concentration is 16 ng/ml), and binding of HBsAg to immobilized HBsAb on the Au 

film deposited on the SPR biosensor was monitored, which causes a modification of 

the refractive index at the surface and results a change of the resonant angle. After a 

long reaction time, an equilibrium state plateau was reached and no change of signals 

was observed with time. 

For the software designed to fit the association and dissociation curve and 

calculate the association rates, the initial parameter values should be given by manual 

according to the specific experimental data in the SPR analysis system [54].  

The fitting curve was obtained with a=3358.23246, b=0.01188 in the association 

phase and a=3358.73684, m=-0.00073 in the dissociation phase, respectively. Hence, 

the Rmax, ka, KE , and KD are estimated according to the data narrated above (See the 

Table 4-1 below).  

Table 4-1. The parameters and affinity constants calculated by the Marquardt algorithm 

Curves                Kinetic models          Kinetic parameters and affinity constants 

Association curve                       EFeq= 3358.232     kob= 0.01188 s-1 

            Rmax= 3559.486      CE=16ng· ml-1 

Dissociation curve                    kd = 0.00073 s-1        KD= 1.0475×10-9 g· ml -1 

                                                     ka = 6.969×105 ml· g -1 · s-1   KE = 9.5466×108 ml· g-1 
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CHAPTER 5: CONCLUSIONS 

The circuit and signal conditioning approach designed for the surface plasmon 

resonance biosensor using the laser line generator have been described in this thesis, 

which is capable of detecting chemical and biological substances and performing 

kinetic analysis of high affinity biomolecular interactions. The circuit for collecting 

the signals from the linear CCD array and transferring measurement results to the 

computer is mainly composed of a microcontroller PIC24FJ128GA006, a driver 

circuit for running the laser line generator, a watchdog circuit for monitoring the 

power supply, an extension memory for storing the initialized parameters and 

measurement results, and a temperature controller chip (TEC). The amplitude-limiting 

filtering algorithm, the median filter algorithm and the kalman filter algorithm have 

been programmed and analyzed. The UPD3575D CCD module with a 1024 bit linear 

image sensor capable of converting light into voltage has chosen and the integration 

time and the pixel synchronizing pulse's cycle have been discussed intensively in this 

thesis. In order to keep the temperature of the surface plasmon resonance biosensor 

constant, the TEC with PID algorithm is utilized. In this thesis, a high speed, 10 bit 

built-in A/D converter has been chosen to collect the signals from the linear CCD 

array and a 16-bit A/D converter ADC0832 was used in the temperature control 

circuit, which was initialized to work at the differential mode to reach the temperature 

of 25 C  with the small deviation of .  

The improved dynamic centroid algorithm based on first order moment is 

applied to find the resonant dip (surface plasmon resonance) precisely, which can be 

satisfied to fit most of the SPR curves. The baseline value confirmed for the 

calculation of the centroid of the SPR curve is dynamic changed with the maximum 

and minimum values of response units. The experiments for the kinetic analysis of 

biomolecular interaction have been performed. The ethanol in different concentrations 

factors was flowed through the surface of the sensor chip and the SPR curve and 

kinetics response curve are established. The measured results for its responses to 

ethanol showed that the selectivity, detection range, measuring time of this SPR 
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biosensor is supported to the bioassay platform, especially, for the low concentration 

measurement. Future work will involve the continuation of laboratory tests as well as 

field trials to obtain more abundant data with high sensitivity and reliability for this 

biosensing system under the optimization of the algorithm for obtaining the precise 

position of the resonant dip and the optimization of the circuit design with 

microcontrollers. 
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