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ABSTRACT 

 

 The fabrication of long-range surface plasmon resonance (LR-SPR) 

immunosensor from water-stable electrospun polyacrylic acid (PAA) fibers was 

studied. LR-SPR setup consists of thin gold film and layer of Cytop which let it has 

larger evanescent field intensity and penetration depth. The water-stable electrospun 

PAA fibers produced by adding -cyclodextrin as crosslinker followed by thermal 

treatment at 180 °C for 40 min were fabricated onto the LR-SPR sensor surface. The 

free carboxyl group of electrospun PAA fibers was activated to immobilize antibody-

antigen in immunosensor application. The layer-by-layer (LbL) system on the 

electrospun PAA fibers was performed to further increase water-stability of fibers and 

number of active carboxyl group. Therefore, the LR-SPR immunosensor based on 

water-stable electrospun PAA fibers was used to detect of human immunoglobulin G 

(IgG). 
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CHAPTER 1 

Introduction 

 

In recent years, the applications of the sensors have attracted attention in various 

fields including in electrical appliances and automobiles. The primary role of these 

sensors intended to measure the physical quantities such as heat, light, pressure, etc. It 

is called a physical sensor, on the other hand, is referred to a chemical sensor which is 

a sensor for measuring the chemical. In this work, we reported the fabrication of the 

layer-by-layer (LbL) water-stable electrospun polyacrylic acid (PAA) fibers based long 

range-surface plasmon resonance (LR-SPR) immunosensor for detection of human 

immunoglobulin G (IgG). The water-stable electrospun PAA fibers were fabricated by 

adding -cyclodextrin as crosslinker in an aqueous PAA solution followed by heat 

treatment. A mixture of PAA and -cyclodextrin was electrospun onto a gold-cytop 

coated high refractive index glass substrate (so called LR-SPR sensor chip) which then 

used for enhancing the signal of the sensor in LR-SPR immunosensor. The electrospun 

PAA fibers can enhance the signal of LR-SPR based immunosensor and bind with 

human IgG within the penetration depth of surface plasmon field around 1 m. 

Moreover, the electrospun PAA fibers with high surface area on the sensor chip showed 

the advantage for increasing the surface area of the substrate hence increasing the 

number of sensing site (active carboxylic groups). Furthermore, for increasing sensing 

sites and also water-stability of the electrospun PAA fibers, multilayers of negative 

charge PAA and positive charge poly(diallyldimethylammonium chloride) 



2 
 

(PDADMAC) films were fabricated on the fibers by LbL deposition technique. The 

LR-SPR spectroscopy was employed to monitor the kinetic of the deposited PAA fibers 

and the stability of electrospun PAA fibers in PBS solution comparing with the 

conventional SPR spectroscopy. The water-stable electrospun PAA fibers with 

multilayers PAA/PDADMAC based LR-SPR immunosensor was finally constructed 

using monoclonal anti-human  immunoglobulin G (IgG) as model antibody which can 

be used for probing the binding of human IgG with various concentrations. 

 

1.1 Biosensor [113] 

A biosensor is a device that makes of a biological detection system. Recently, 

biosensors are developed to convert the biological data to electrical signal. Biosensing 

is the process of using biosensors to gather information about living systems. According 

to IUPAC definition [1], “A biosensor is a self-contained intergrated device which is 

capable of providing specific quantitative or semi-quantitative analytical information 

using a biological recognition element (biochemical receptor or enzyme, antibody, or 

DNA) which is in direct spatial contact with a transducer element. A biosensor should 

be clearly distinguished from a bioanalytical system, which requires additional 

processing steps, such as reagent addition. Furthermore, a biosensor should be 

distinguished from a bioprobe which is either disposable after one measurement, i.e. 

single use, or unable to continuously monitor the analyte concentration”  

In 1962, Clark and Lyons [2] described the first biosensor which glucose oxidase 

(GOD) was immobilized on an amperometric oxygen electrode surface semipermeable 



3 
 

dialysis membrane in order to quantify glucose concentration in             a sample 

directly.  

As shown in Figure 1.1, a biosensor consists of 2 main elements:                     (1) 

a bioreceptor, which is an immobilized sensitive biological element such as enzyme, 

DNA, antibody, recognizes the target analyte (enzyme substrate, complementary DNA, 

antigen) and (2) a transducer, for converting the biochemical signal to electrical signal. 

Moreover, types of biosensor are classified by (1) type of transducer (electrochemical, 

optical, piezoelectric and thermal), (2) type of bioreceptors (antibody, enzymes, nucleic 

acids), and (3) type of physical and chemical interaction. Some of the most commonly 

used are described in details below. 

 

1.1.1 Conductometric biosensors [35] 

Conductometric biosensors measure the changes in the conductance between a 

pair of metal electrodes as a consequence of the biological component. The 

measurement of conductance can be fast and sensitive. Such biosensors are suitable for 

miniaturization since the reference electrode is not required in the system. However, 

the selectivity of conductometric biosensors is relatively poor.  
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Figure 1.1 The diagram of biosensor [3]. 

 

1.1.2 Potentiometric biosensors [67] 

 Potentiometric biosensors consist of measurement of potentials at the working 

electrode with respect to the reference electrode. The function under equilibrium 

conditions and the accumulation of charge, at zero current, created by selective binding 

can be measured at the electrode surface. For example, ion selective electrode (ISE) can 

detect ions such as Na+, K+, Ca+, H+ of NH4+ in complex biological matices by 

sensing the changes in electrode potential when the ions bind to an appropriate ion 

exchange membrane. The sensitivity and selectivity of potentiometric biosensor are 

outstanding due to the species-selective working electrode used in the system. 

However, a stable and accurate reference electrode is required. 
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1.1.3 Amperometric Biosensors [89] 

 Amperometric biosensors measure the changes in the current on the working 

electrode due to direct oxidation of the products of a biochemical reaction. 

Amperometric techniques are linearly dependent of analyte concentration and give a 

normal dynamic range and a response to errors in the measurement of current. An 

amperometric biosensor was constructed by immobilization of hemoglobin onto a 

carboxylated MWNTs/copper nanoparticle/polyaniline composite deposited onto 

pencil graphite electrode which exhibited remarkably enhanced sensitivity and 

selectivity for acrylamide [8]. Cholesterol was immobilized on 2-(4-fluorophenyl)-4,7-

di(thiophene-2-yl)-1H-benzo[d]imidazole deposited on a graphite electrode. The 

amperometric response was finally measured [9].  

 

1.1.4 Piezoelectric Biosensor [1011] 

 Piezoelectric measurements use the appearance of an electrical polarization, or a 

variation in an existing polarization, in certain anisotropic dielectric materials, for 

example, quartz. This polarization appears when a force is applied in the appropriate 

direction. The piezoelectric effect is reversible because the material can deform of 

vibrate when an electric field is applied in the appropriate direction. Piezoelectric 

devices are used at their resonance frequencies for the determination of small variations 

in mass. These variations may result from biological reactions that involve association 

or coupling, for example, enzyme-inhibitor associations or antigen-antibody coupling.  

 

1.1.5 Optical Biosensor [1213] 
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 Optical biosensors that exploit light absorption, fluorescence, luminescence, 

reflectance, Raman scattering and refractive index are powerful alternatives to 

conventional analytical techniques as shown in Figure 1.2. These biosensors provide 

rapid, highly sensitive, real-time, and high-frequency monitoring without any time-

consuming sample concentration and/or prior sample pre-treatment steps. The optical 

biosensors have great potential applications in the areas of environmental monitoring, 

food safety, drug development, biomedical research, and diagnosis. Surface plasmon 

resonance based biosensor, one type of optical biosensors, was studied in the next 

chapter.  

 

 

Figure 1.2 Schematic of an optical biosensor [13]. 

 

1.2 Electrospinning [1435] 

Electrospinning is a technique which employed for preparation of fibers with 

diameter in the range from micrometers down to nanometers scale depending on the 

polymer and processing conditions [14]. The electrospun nanofibrous films are formed 



7 
 

with high surface-to-mass ratio and small pore sizes. While this technique is quite 

complicated and having low productivity, the electrospun nanofibrous films exhibit 

much more interesting properties especially in the nanocomposite film viewpoint. In 

other words, electrospinning is a process that creates nanofibers through an electrically 

charged jet of polymer solution or polymer melt. The electrospinning process consists 

of a pipette to hold the polymer solution, 2 electrodes, and a high voltage supply as 

shown in Figure 1.3. The polymer drop from the tip of the pipet was drawn into fiber 

due to the high voltage. The jet was electrically charged and the charge caused the fibers 

to ben in such a way that every time the polymer fiber loop, its diameter was reduced. 

The fiber was collected on the ground electrode surface.  

 

 

Figure 1.3 The electrospinning setup [20]. 
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There are many parameters affecting the fibers morphologies during the 

electrospinning process. The parameters influenced the electrospinning process can be 

divided into 3 parts as shown in Table 1.1. The details are also described below. 

 

Table 1.1 The parameters affected the electrospinning process [21]. 

 

Main parameter Description 

Solution properties  - Viscosity 

  - Surface tension 

  - Electrical conductivity 

  - Polymer concentration 

  - Molecular weight of polymer 

Processing conditions  - Applied voltage 

  - Distance between needle and collector 

  - Feed rate 

  - Needle diameter 

Ambient conditions  - Temperature 

  - Humidity 

 

1.2.1 Solution parameters 

 Solution parameter is a main factor which affects the electrospinning process and 

morphology of the fibers. The concentration of the polymer solution is the one of 

important factor. At the very low concentration, the polymer solution with low viscosity 
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and high surface tension is exhibited the droplet instead of the fiber. When the 

concentration is higher, there are beads on the obtained fibers but in case of suitable 

concentration, the smooth nanofibers can be obtained. The very high concentration of 

the polymer solution causes the larger size of electrospun fibler, not in nanoscale. 

Moreover, the lower molecular weight of the polymer made the fiber with beads 

whereas smooth fiber can be obtained with increasing the molecular weight of polymer. 

Therefore, molecular weight of the polymer affects the length of polymer chain.  

 The other solution property which shows the important role for fiber morphology 

is solution viscosity. The very low viscosity solution, the droplet could be obtained due 

to lack of sufficient chain overlapping with the polymer solution, whereas the very high 

viscosity solution results in the hard ejection of jets from solution. For the suitable 

solution viscosity, the long chain, continuous and smooth electrospun fibers without 

any beads can be obtained.  

 In the initial of the electrospinning process, the polymer solution is come out from 

the tip of the tube to the ground collector by applying the high voltage. The electrostatic 

forces on the polymer chain in the solution must be strong enough to force the surface 

tension of the solution because the surface tension of the solution may cause the bead 

formation. The surface tension decreased the surface area per unit mass of the solution. 

The lower viscosity or higher amount of solvent molecule leads to spherical shape for 

minimizing the surface energy.  

 Another important parameter is conductivity of the polymer solution which is 

mainly determined by the polymer type, solvent, and ionization of salt. Electrospinning 

involves stretching of the solutions caused by repulsion of the charges at the surface. 
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Thus, if the conductivity of the solution is increased, more charges can be carried the 

polymer jet. The higher conductive polymer solution contains high electric charges 

during the electrospinning process which generates a stronger repulsive force that easier 

to form the bead-free and uniform electrospun fibers. The conductivity of solvents can 

be increased by addition of salts or non-chemical reaction compounds. When the 

conductivity of the solution is increasing, the thinner fibers can be obtained. 

 

1.2.2 Processing parameters 

 The processing parameters including an applied voltage, a distance between 

needle and collector, feed rate, and a needle diameter are also important for 

electrospinning process. The high voltage will induce the charges on the solution and 

together with external electrical field to initiate the electrospinning process. At the 

applied voltage higher than the threshold voltage, the electrostaitc repulsive force will 

increase and the greater amount of charges will cause faster jet, less stable Taylor cone 

and smaller fiber diameter. However, the applied high voltage must correspond to feed 

rate to maintain the stable Taylor cone. The increasing feed rate in suitable feed rate 

can promote the greater of fiber diameter or bead size due to greater volume of solution 

drawn from the needle tip.  

 Moreover, during the electrospinning process, the one of the most important 

parameter is the collectors which usually act as the conductive as the conductive 

substrate to collect the charged fibers. An aluminum foil is employed as a collector but 

it is difficult to transfer the collected nanofibers to other substrates. In addition, the 

distance between tip and collector relates to the electric field strength. At the shorten 
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distance, the electric field strength will increase at the same time as the acceleration of 

jet is increased. Therefore, there is not enough time for solvent to evaporate before 

reaching the collector, then fibers fuse together to form web. If the distance is too short, 

the fiber will not have enough time to solidity before reaching the collector, whereas if 

the distance is too long, the bead fiber can be obtained. 

The advantages of electrospinning are simple, convenient and reproducible 

method, cost effective, and long continuous nanofibers can be produced, however, jet 

is not stable [2226]. The nanofiber formation depends on the properties of polymer 

solutions and the electrospinning factors such as applied voltage, the concentration of 

polymer solutions, collection distance, and flow rate of the solution. Li et al. [23] 

reported that the aqueous poly(acrylic acid) (PAA) with lower concentration as well as 

lower voltage could support continuous fiber formation, thinner fibers, and the obtained 

averaged size about 80 to 500 nm. The PAA fibers could be insoluble in water by adding 

-cyclodextrin in the aqueous PAA solution followed by thermal treatment at 140 °C 

for 20 min. The obtained nanofibers showed very small diameter, large surface area per 

unit mass and small pore size. Due to these properties, the polymer nanofibers have 

been widely used in drug delivery systems, tissue engineering, sensor, catalytic films 

[2730]. The electrospun nanofibers have been interested for sensor applications 

because their large surface area can enhance reactivity and sensitivity of the sensors. In 

addition, the large surface area will adsorb more amount of an analyte comparing with 

the film-type sensors [3134]. In biomedical application, the surfaces of electrospun 
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fibers have been chemically and physically modified with bioactive molecules and cell 

recognizable ligands after the electrospinning process [35].   

 

1.3 Long range-surface plasmon resonance (LR-SPR) spectroscopy [3669] 

Surface plasmon resonance (SPR) spectroscopy has been widely used in the last 

10 years for biosensors or biomedical applications due to real time measurement, rapid 

monitoring binding and process without label or label-free of biomolecules. It has been 

applied to characterize biomolecular interactions, monitor the assembly process of 

molecules, study the conformational change of protein molecules and chemical 

transformations on the surfaces [3641]. In sensor application, the principle of the SPR 

is based on a monitoring on the optical thickness change in refractive index and/or 

change in the thickness at the area close to the sensor surface. The plasma of free 

electrons will oscillate at an interface of metal after an angle of incident light larger 

than the critical angle so that it undergoes total internal reflection. The oscillations are 

affected by the refractive index of the metal thin film and media interface. The 

evanescent electromagnetic wave is generated in a region of non-conducting material 

and determines the limitation for detecting the mass change. Resonance occurs when 

the momentum and energy of the evanescent electromagnetic wave match with the 

momentum and energy of the surface plasmon. These can be characterized by a sharp 

decrease in intensity of the reflected beam as its energy is transferred to the surface 

plasmon. The application of SPR is to use for detecting the refractive index change on 

the metal surface owing to the change of mass on surface. These optical responses can 

be applied to measure the progress of the chemical interaction through the monitoring 
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of the changes in the effective refractive index or the mass coverage on the sensor 

surface. The sensitivity of the SPR immunosensor for detection of antigen-antibody 

interaction with very low analyte concentration can be increased by controlling the 

orientation of the antibodies on sensor surface and preservation of its structure in the 

active form [4244]. 

SPR is a term to explain the phenomenon about narrow dark bands in the 

diffracted spectrum of metallic gratings illuminated with polychromatic light which     

Wood reported in early 1902 [4546]. In 1968, Otto introduced the optical excitation 

of surface plasmons by attenuated total reflection [47]. SPR is a technique which 

associated with the total internal reflection of light (evanescent wave) at the boundary 

between two media of different optical properties described by their different dielectric 

function, εi [48]. The example of this observation is the boundary between a glass prism 

and water. A plane wave from a laser light source (wavelength, λ) or incoming light 

impinging upon the interface from glass side, i.e. from material with higher refractive 

index, will be totally (internally) reflected if the angle of incidence exceeds a critical 

value. This can be observed by recording the reflectivity (R, the ratio between reflected 

and incoming intensity) with a diode detector as a function of the angle of incidence, θ. 

In typical experiment, at angles of incidence smaller than critical angle, most of 

incoming light is transmitted and therefore the reflectivity is low. When the angle of 

incidence approaches critical angle, the reflectivity reaches unity. The evanescent wave 

is an electromagnetic field which the electric field perpendicular to the interface does 

not fall to zero abruptly but decays exponentially with a decay length. This decay length 

is a function of the angle of incidence. On the other hand, the component along the 
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propagation direction had the usual oscillatory character of an electromagnetic mode. 

The evanescent wave is formed at the angle greater than critical angle. When the 

interface between a metal and a dielectric material is considered, the term “plasmon 

surface polaritons (PSP) or surface plasmons” for short was described. The coupling of 

the collective plasma oscillations (called “plasmon”) of the nearly free electron gas in   

a metal to an electromagnetic field has been shown to produce the surface plasmon. 

This surface plasmon propagates at the metal/dielectric material with the coupling angle 

which can be excited with photons when the energy and momentum matching 

conditions between photons and surface plasmons has reached [4851]. 

There are 3 coupling configuration of SPR sensors: grating, prism and optical 

waveguide based SPR sensor. The prism coupler-based SPR sensor (also called 

attenuated total reflection-ATR method), developed by Kretschmann, is most widely 

used in SPR sensor application. When the incident light passed through the prism and 

reached the interface between the prism and medium, the total reflection will occur, if 

the incident angle is larger than the critical angle. The reflected light is detected by 

detectors. The incoming light is able to couple with the surface plasmon in the metal at 

the angle of the incidence and the surface plasmon is excited. 

Grating coupler-based SPR sensor was first developed in 1983 by Lukosz [52]. 

The grating replaces the need for a glass prism in traditional SPR. The grating is covered 

with gold. The light source illuminates the surface of the chip and the reflected light is 

captured by a CCD camera. By varying the incidence angle and measuring the reflected 

light intensity, a binding curve is created. Lower production costs and more latitude in 

selection of construction materials favor the use of gratings, particularly when design 
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versatility and high production volumes are considered. While many grating shapes can 

produce SPR, the optimal surface geometry is a sinusoidal grating. The period (peak-to 

peak dimension) and the amplitude (peak-to-trough dimension) of the grating determine 

the wavelength of resonance.  

Coupling optical waveguide has some attractive features such as low cost, small 

device size which provides a simple way for controlling the optical wave path, 

ruggedness and suppression of the effect of stray light. The process of exciting a surface 

plasma wave in an optical waveguide-based SPR sensor is similar to that in the prism 

coupler-based SPR. A light wave is guided by the waveguide and, entering the region 

with a thin metal overlayer, it evanescently penetrates through the metal layer. If the 

SPW and the guided mode are phase-matched, the light wave excites an SPW at the 

outer interface of the metal. Theoretically, the sensitivity of waveguide-based SPR 

devices is approximately the same as that of the corresponding ATR configurations.  

The different configurations by using prism have been widely used for many 

applications. In principle, there are two concepts for this experimental setup: Otto-

configuration and Kretschmann configuration as shown in Figure 1.4. The 

Kretschmann is the most widely used and convenient configuration because the 

resulting plasmon can be observed directly through the metal. In the Otto-configuration, 

the order of layers is glass substrate, air gap, metal layer, glass substrate, and liquid. 

The photons are not couple directly to the metal/dielectric interface, but via the 

evanescent tail of light totally internally reflected at the base of a high-index prism (εp 

> εd). By choosing the appropriate angle of incidence, resonant coupling between 

evanescent photons and surface plasmons can be obtained. This resonant coupling is 
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observed by monitoring the laser light, which is reflected by the base of prism, as a 

function of the incident angle. However, the metal surface should close enough to the 

prism base, typically ~ 200 nm. This means even a few dust particles can be the spacers 

preventing the efficient coupling. Due to this limitation, the Otto-configuration has not 

gained any practical importance despite its potential application for the optical analysis 

of polymer coated bulk metal samples. On the other hand, in Kretschmann 

configuration (Figure 1.4 (b)), the order of layers is a metal layer sandwiched between 

glass substrate and liquid. The photons in the prism coupled through a very thin metal 

layer (typically ~ 45–50 nm thick), which is deposited directly onto the base of the 

prism or onto a glass slide, to surface plasmons at the other side in contact with the 

dielectric medium. In qualitative, the same consideration for energy and momentum 

matching are applied as discussed in Otto configuration. Quantitatively, however, the 

finite thickness of the metal layer causes some modification of the dispersion behavior 

at surface plasmons. By solving Maxwell’s and/or Fresnel’s equations for the layer 

architecture of glass/Ag-layer/ dielectric, the angular dependence of the reflectivity can 

be described. 
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Figure 1.4 Two concepts for experimental setup of surface plasmon resonance 

spectroscopy (a) The Otto-configuration (b) Kretschman configuration with attenuated 

total internal reflection (ATR) construction [48]. 
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In classifying biosensors which utilize the electro-magnetic field enhancement of 

SPR excitation near the surface of a metal thin film, four basic types can be identified, 

namely the conventional SPR, the long range-SPR (LR-SPR), the coupled plasmon-

waveguide resonance (CPWR), and the waveguide-coupled SPR (WCSPR), as shown 

in Figure 1.5. The LR-SPR biosensor introduces a dielectric buffer layer between the 

prism and the metal layer of the conventional SPR biosensor.                  A symmetric 

environment is achieved when the refractive indexes of the dielectric buffer layer and 

the buffer are equal, with the result that the propagation length of the SPs increases 

beyond that of the conventional one and the energy of the incident beam is retained. 

The LR-SPR device exhibits a very sharp (i.e. large depth-to-width ratio) reflectivity 

dip, which increases the signal-to-noise ratio and enhances its resolution by 

approximately seven times compared to the conventional SPR under wavelength 

interrogation. However, since the performance of the LR-SPR relies upon the existence 

of a symmetric environment, the device is not readily applied to the different detective 

environments associated with variant biomolecules or buffer solution. CPWR 

biosensors incorporate a waveguide layer beneath the surface of the conventional SPR 

biosensor. Unlike the conventional SPR biosensors, whose reflectivity spectra 

demonstrate a dip only in the transverse magnetic (TM) mode, the interference of the 

waveguide layer in the CPWR device causes sharp dips in both the TM and transverse 

electric (TE) modes. These dips reduce the noise and greatly increase the SNR. The TM 

and TE reflectivity spectra of the CPWR device can provide the information required 

to determine the dielectric constant and thickness of the biomolecular layer. Although 

CPWR biosensors possess significant advantages in the study of anisotropic membrane 
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systems, their sensitivity is still some 10 times less than that of conventional SPR 

devices since the biosensing surface is located at a considerable distance from the SPs 

which exists at the interface between the metal film and the waveguide layer. Therefore, 

it is difficult to determine variations in the dielectric constant and thickness from the 

dips of the CPWR TE and TM reflectivity spectra if the biomolecular layer is slightly 

variable. Unlike the LR-SPR with its coating of a special dielectric buffer layer, a 

WCSPR consists of two metal layers and a waveguide layer. Combining the SPR and 

waveguide modes in the WCSPR device not only retains the sensitivity of the biosensor, 

but also yields sharper reflectivity spectra dips which enhance the measurement 

precision. The WCSPR biosensor provides increasing intensity measurement 

sensitivity, and measurement of the two WCSPR dips provides sufficient information 

to precisely determine the dielectric constant and thickness of the biomolecular layer. 
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Figure 1.5 Configurations of four different SPR biosensors: (a) conventional SPR (b) 

LR-SPR biosensor (c) CPWR (d) WCSPR [53]. 

 

SPR has been shown to be a technique which has high sensitivity for 

characterization of ultrathin film, interfaces, and kinetic processes at the nanometer 

scale [48, 51, 54]. Hence, if the condition of light excitation is fixed, the SPR technique 

not only permits the precise measurement of changes in the refractive index or thickness 

of the medium adjacent to the metal film, but also enables changes in the adsorption 

layer on the metal surface to be detected. The experimental SPR system for 

characterization of ultrathin films which relatively simple was shown in Figure 1.6(a), 

a laser beam of wavelength λ incidents at angle θ on the noble metal coated base of the 

prism, which is covered with the thin film of interest material, is reflected. The intensity 
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of the reflected light is then monitored with a detector as function of θ. Figure 1.6(b) 

showed the reflectivity curves, first is the curve label taken in air on a bare Au-film 

evaporated-deposited onto the prism base and second is the curve of an ultrathin organic 

layer of interest molecules on Au surface which can be prepared by spontaneous self-

assembly process such as Langmuir-Blodgett (LB) technique, layer by layer (LbL) 

deposition method or simple technique such as spin-coating, results in a shift of the 

curve for PSP running along this modified interface and hence in a shift of the resonance 

angle (from θ to θ1). The example for using of SPR to in situ investigation of the self-

assembly polymer solution adsorption process was studied by Knoll group [51]. 
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Figure 1.6 Schematic of (a) the experimental SPR system for characterization of 

ultrathin film for (b) SPR reflectivity curve obtained from a bare Au-film and self-

assembled monolayer [48]. 

 

The experimental setup in this study is Kretchmann configuration with ATR 

condition. The monolayers of each interest materials were stepwisely deposited by LB 

process onto the high refractive index glass/Au/octadecyl-thiol layer. A sequence of 

reflectivity data taken after consecutive depositions showed the linear increases of the 
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multilayer thickness after analysis with Fresnel equation [51]. In addition, the other 

data, which can be obtained by using SPR, is the kinetic data on the interfacial of the 

multilayer. The kinetic information on any changes of the interfacial architecture is the 

time-dependent process which can be obtained by monitoring the reflectivity at a fixed 

angle of observation, as shown in Figure 1.7. At t = 0, no change occurs at the sensor 

in the buffer solution. After the solution is injected, the biomolecules will adsorb on the 

surface and resulting in a change in reflectivity. The adsorption-desorption of the 

biomolecule can be followed in real time.  

 

 

 

Figure 1.7 The SPR kinetic at the fixed angle [55]. 

 

Conventional SPR spectroscopy is the one famous technique for use in sensor 

application due to its direct, label-free observation of biomolecular interaction. The 

high resolution of the sensor can be detected the low concentration of the biological 

agents. The resolution of the SPR sensor can be improved by decreasing the width of 
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the resonance feature, reducing the uncertainty of the position of the resonance and 

increasing the sensitivity of the sensor. The one method for increasing the resolution is 

using silver or gold as metal layer but silver is poor for the long-term stability in 

environments. Another method is using long-range surface plasmon resonance (LR-

SPR) spectroscopy which decreasing the resonance width and increasing the sensitivity 

of the sensor.    

 LR-SPR is one mode of surface plasmons (SPs) that propagating along a thin 

metallic film embedded between 2 dielectrics with similar refractive indices, where the 

evanescent field intensity and the penetration depth are larger as compared to the well-

known short range (SR)-SPs evanescent field [56 - 61]. The longer propagation length 

of LR-SP reduces the width of the resonance feature.  Moreover, the LR-SPR sensor 

may provide higher sensitivity than the conventional SPR sensor at the same 

wavelength. 

 

 

 

Figure 1.8 Schematic diagram of LR-SPR biosensor [54]ท ำให้เป็นรูป ไมใ่ชก่ลอ่งข้อควำม มนัเลื่อน 
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Chien et al. [54] and Nenninger et al. [62] reviewed the LR-SPR biosensor as 

following in Figure 1.8. LR-SPR biosensor based on the Kretschmann configuration 

consists of 5 typical layers which are prism (0), dielectric buffer layer (b, db), thin 

metal layer (1, d1), biomolecular layer (2, d2), and buffer/analyte layer (3). In the 

devices, the thin metal layer is separated from the ATR prism by an additional dielectric 

buffer layer with a lower refractive index than the prism and similar dielectric constant 

to the intended buffer. A symmetric environment is achieved on either side of the thin 

metal layer. Ideally, the dielectric constants of the dielectric buffer layer and the analyte 

solution will be the same value (b = 3). For biosensors, the analyte solution is generally 

aqueous, with a thin layer of protein on the surface of the sensor, therefore, a buffer 

layer with a refractive index near water is required. The refractive index of the buffer 

layer material is important parameter for LR-SPR sensor construction. The examples 

of buffer layer are Teflon AF-1600 and magnesium fluoride (MgF2). The Teflon AF-

1600 has a refractive index (nd = 1.31) which is less than water (nd = 1.33), while MgF2 

has a refractive index (nd = 1.38) which is higher than water. The Teflon-buffer LR-

SPR sensor would be preferable for low molecular weight functionalization layers, 

while the MgF2-buffer LR-SPR sensor is more appropriate for higher refractive index, 

multiple-layer or polymer functionalization methods. The perturbing effect of the prism 

becomes more pronounced as the buffer layer becomes thinner, and may cause the 

resonant wavelength to shift or may prevent the LR-SP waveguide from being 

supported in certain wavelength ranges. Therefore, the first parameter for selection of 

the buffer is the thickness of the metal layer (typically gold) and the thickness of the 
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buffer layer. The operating angle of the instrument may be varied in order to produce 

the best coupling between the light and the LR-SPR, as indicated by a seep resonance 

with low TM reflectivity at the minimum of the resonance. Choosing a designed analyte 

provides an operating point for the sensor. Given these parameters, a designed curve 

may be produced displaying the best resonance depth, the wavelength at which this 

resonance occurs, the width of the resonance, and the sensitivity of the sensor. The 

construction of sensors with         a thick Au layer and a thin buffer layer shows the 

resonant wavelength shifts to longer wavelengths as the refractive index of the analyte 

increases. In the case of sensors with a thin Au layer and a thick buffer layer, the 

sensitivity is negative, so the resonant wavelength shifts to shorter wavelengths with an 

increase in the refractive index of the analyte.  

If the thickness of the thin metal layer is such that kz1d1 << 1 (k refer to wave 

vector and d refer to the thickness), the resulting symmetric configuration causes the 

same surface plasmon frequency () to exist on both sides of the thin metal layer, and 

interaction then takes place between the electromagnetic fields of both surfaces.  Under 

these conditions, the surface plasmon frequency divides into ±. The electric field of 

the high-frequency + mode is asymmetric to the center plane of the thin metal layer 

while the electric field of the low-frequency - mode is symmetric to the same plane. 

The short-range dispersion relationship (L+), and long-range dispersion relationship 

(L-), for this symmetric configuration is given by Raeher in 1980 as shown below: 

+ : L+ = 1kz3 + 3kz1tanh½j kz1d1 = 0 

- : L- =  1kz3 + 3kz1ctgh½j kz1d1 = 0 
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These short-range and long-range surface plasmon modes are characterized by 

greater and lesser loss, respectively. Compared to the conventional SPR biosensor, the 

propagation length of the LR-SP is increased by a factor of approximately 10 times, the 

incident beam energy is more concentrated, and the depth-to-width ratio of the 

resonance dip is increased. The reflectivity minimum at a lower angle has a smaller 

half-width and hence indicates the long-range surface plasmon mode, while the dip at 

a higher angle is indicative of the short-range surface plasmon mode. Hence, it is 

expected to increase the sensitivity in the long distance from the metal surface. Berini 

[63] reported the difference between the refractive index of the surface plasmon mode 

and the dielectric decreases, causing the plasmon mode to be less confined in the metal 

layer, and extending the penetration depth of the evanescent field into the dielectric 

medium [64]. Therefore, LR-SPR compared with standard SPR shows a greater 

sensitivity to bulk refractive index variations in the dielectric medium [65]. The 

penetration depth of surface plasmon field for LR-SPR is around 1000 nm. Recently, 

Himola et al. [66] reported that penetration depth of the long range surface plasmon is 

1400 nm in the device which can be detected for large size analytes such as bacteria, 

E.coli (with dimensions about 0.7- 1.0 µm) [67 - 68]. Moreover, LR-SPs enhancing the 

optical field wave at the metal/dielectric interface showed higher sensor sensitivity than 

conventional SPR and increased penetration depth reaching further into the analyte 

solution. This allows the use of thicker sensor coatings with significantly more binding 

analyte molecules on the surface [69].  

In conclusion, LR-SPR shows the important advantages for optical biosensors 

application as shown below; 
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1) The long range mode of surface plasmon was excited at the lower angle than 

the conventional SPR which is very advantage for practical applications.  

2) The LR-SPR optical field enhancement at the interface of the metal and 

dielectric buffer layer is more than an order of magnitude, which the sensor 

sensitivity can be enhanced.  

3) The penetration depth of LR-SPR is higher than normal SPR mode which the 

thicker sensor coating can be used (thicker sensor led to more analyte 

molecules being coupled to the surface).  

 

1.4  Polyelectrolytes [7087]  

Polyelectrolytes are polymers that contain electrolyte or ionizable groups which 

can be dissociated in aqueous solution as water and leaving charges on polymer chains 

and releasing counter ions in the solution. They are generally soluble in water. 

Polyelectrolytes are thus similar to both electrolytes (salts) and polymers (high 

molecular weight compounds) such as polystyrene sulfonate, polyacrylic and 

polymethacrylic acids and their salts, DNA, polyacids, and polybases. Electrostatic 

interactions between charges lead to the rich behavior of polyelectrolyte solutions 

different from uncharged polymers [70-72].  

The polyelectrolytes are classified into various types. For example, based on their 

originals, polyelectrolytes were classified as natural, synthetic polyelectrolyte, and 

chemically modified biopolymer. Polyelectrolyte can be classified to 

polyacids/polyanions, polybases/polycations, and polyampholytes. Some important 

polyelectrolytes are shown in Table 1.2. 
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Table 1.2 Some of important polyelectrolytes [73] 

Type Name Category 

Natural polyelectrolyte Nucleic acid Polyanion 

 Poly(L-lysine) Polycation 

 Poly(L-glutamic acid) Polyanion 

Chemically modified  Pectin Polyanion 

biopolymer Chitosan Polycation 

 Cellulose-based Polyanion or polycation 

 Starch Polyanion or polycation 

 Dextrin Polyanion or polycation 

Synthetic polyelectrolyte Poly(vinylsulfonic acid) Polyanion 

 Polyacrylic acid Polyanion 

 Poly(diallydimethyl ammonium) Polycation 

 Poly(styrene sulfonic acid) Polyanion 

 

Maleic acid/diallyamine 

copolymer 

Polyampholytic 

 

Polyacrylic acid (PAA) was used as polyelectrolyte because of its wide range 

practical applications such as supplement to surfactants, used in the production of paper, 

inhibitor of fur formation, concentrators in cosmetics and components of drugs 

(artificial tears) [74].  A lower molecular weight PAA has been used as a dispersant 

whereas a higher molecular weight has been used as a thickener. The PAA with 

molecular weight of above 100,000 has been used as a flocculent. Moreover, PAA is 

an important weak anion polyelectrolyte which has been widely used in various 
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applications such as the metal ion complexing agents, a layer component for 

polyelectrolyte multilayer construction and sensors [75 - 78]. In sensing application, 

the carboxylic group of PAA was served as sensing probe to attach with analytes 

including gas sensors and biosensors [79 - 82]. Ding et al. [83] studied the nanofibrous 

membrane of PAA and water-stable PAA/polyvinyl alcohol (PVA) coated on quartz 

crystal microbalance (QCM) for use as a gas sensor. The PAA is acted as sensing 

materials for coating on QCM due to the interaction between ammonia gas molecules 

and carboxylic groups of PAA. The results indicated that the nanofibrous PAA coated 

on QCM showed higher sensitivity than the film coated on QCM in gas sensing. 

However, Lee et al. reported [84] that PAA layer in TiO2/PAA ultrathin film which was 

LbL nanoassembled on QCM gas sensor for detection of amine odors can improve the 

intrinsic problems of QCM and binding of ammonia to their available carboxyl groups 

as the results of FT-IR measurements. The PAA and water-stable PAA showed the 

higher sensitivity in gas sensor which exhibited excellent performance to remove metal 

ion in an aqueous solution. However, in biosensing application, carboxylic groups of 

surface-tethered PAA brushes were immobilized to biotin which showed an enhanced 

signal for binding of streptavidin by using SPR spectroscopy. The PAA brushes showed 

very low non-specific interactions with other proteins [85, 86]. 

In addition to the bonds which hold monomers together in a polymer chain, many 

polymers form bonds between neighboring chains which called ‘crosslinking’. These 

bonds can be formed directly between the neighboring chains, or two chains may bond 

to a third common molecule. Though not as strong or rigid as the bonds within the chain, 

these crosslinks have an important effect on the polymer properties. Polymers with a 
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high enough degree of crosslinking show the ‘memory’ property. When the polymer is 

stretched, the crosslinks prevent the individual chains from sliding past each other. The 

chains may straighten out, but once the stress is removed they return to their original 

position and the object returns to its original shape. 

The PAA crosslinked with -cyclodextrin (CD) was synthesized by Kutyla [87, 

88] for controlled delivery of drug releasing. The structure of crosslinked CD-PAA is 

shown in Figure 1.9. PAA can be crosslinked with CD via ester bonds formed between 

the sugar hydroxyl groups and the carboxylic acid groups of the polymers. The obtained 

crosslinked polymer is more stable than homopolymer PAA. 

 

 

Figure 1.9 Structure of crosslinked CD-PAA polymer showing the kinetic of drug 

releasing [87].  

Li et al. [23] reported the method to fabricate insoluble PAA. PAA fibers 

generally solubilize in water due to its polyelectrolyte property and carboxyl group on 

the backbone. However, crosslinked PAA is insolubilized in water by crosslinking with 
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-CD followed by heat treatment. The results show the swelling property of the 

crosslinked polymer in aqueous solution.  

 

1.5 Layer-by-Layer Deposition Technique [8997] 

Layer-by-layer (LbL) deposition technique is a thin film fabrication technique 

which the film is formed by deposition of the alternation layers of positively and 

negatively charged materials with washing during charge deposition. LbL deposition 

has interested in the preparation of well-ordered, ultrathin organic films for use as thin 

film coatings, electro-optic devices, and various display devices [89]. Decher et al. [90 

- 92] developed this electrostatic LbL self-assembly technique in early 1990s for the 

construction of multicomposite films of rod-like molecules equipped with ionic groups 

at both ends, polyelectrolytes or other charged materials through the adsorption from 

aqueous solution. The LbL self-assembly technique has become a powerful method for 

fabrication of ultrathin films with uniform and controlled thickness. This method 

involves strong electrostatic attraction between a charged surface and the oppositely 

charged molecules (polycations and polyanions) which is the energetic driving force 

for multilayer formation [89, 92, 93]. The schematic diagram showing the fabrication 

of multilayers which compose of polyions or other charged molecules or colloidal 

objects (or both) is shown in Figure 1.10. 
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Figure 1.10 Schematic of the build-up of multilayers on a substrate by adsorption of 

typically polyanions and polycations. [92] 

 

In principle, there is no restriction with respect to substrate size and topology due 

to the process involves only adsorption from solution. The ultrathin films are deposited 

on the substrate as shown in Figure 1.10(a). The glass slide substrate is immersed in the 

solution from ordinary beakers which can be performed either manually or by an 

automatic device. A well-cleaned substrate is first deposited with polyelectrolyte 

(positively charged in this example) prior to deposition of interested materials. This 

charged substrate is then sequentially immersed into the solution of polyanion and 
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polycation, respectively. A representation for the buildup of multilayer film at 

molecular level is shown in Figure 1.10(b). The counterions are omitted and the 

stoichiometry of charged groups between polyions and between the substrate and 

polyanion is arbitrary in this example. The two typical and commercial polyelectrolytes, 

sodium poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) are 

also shown in Figure 1.10(c). The concentration of the solution used in LbL method is 

in several milligrams per milliliter. These concentrations are much greater than that 

required for reaching the plateau of the adsorption isotherm to ensure that the solutions 

do not become depleted during the film fabrication which composes of several layers. 

In addition, one or more washing steps are performed after each layer adsorption to 

avoid contamination for the next adsorption solution by liquid adhering to the substrate 

from the previous adsorption step. The advantage of the washing step is to stabilize 

weakly adsorbed polymer layers. The appropriate adsorption times for each layer 

depend on the type of materials, molar masses, concentrations, and agitation of 

solutions which ranging from minutes in the case of polyelectrolytes to hours in the 

case of gold colloids. 

The two major advantages of layer-by-layer adsorption from solution are as 

followed: (1) many different materials can be incorporated in individual multilayer 

films and (2) the film architectures are completely determined by the deposition 

sequence. Furthermore, no special film balance is required for this technique which 

indeed the technique has been referred to as a “molecular beaker epitaxy” [94]. Several 

applications of this technique have been reported due to its simplicity in processability, 

versatile and use of water-based solutions. Advincula group [89, 95, 96] reported the 
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preparation LBL ultrathin films of benzophenone-modified PAA (PAA-BP) and PAH 

(PAH-BP) for use as pH-responsive or pH-switchable membranes. The membranes can 

be produced by adjusting the pH of dipping solutions and stability maintained by 

crosslinking which showed high stability. Another work of Decher [92] showed the 

utility of LbL technique for fabrication of the multilayers of fullerenes such as C60 with 

polyamines. Baba et al. [97] fabricated single walled carbon nanotubes/organic 

semiconductor hybrid ultrathin multilayers by LbL self-assembly approach. Single 

walled carbon nanotubes was solubilized in cationic alcian blue pyridine variant and 

anionic copper phthalocynine-3,4/,4//, 4/ //-tetrasulfonic acid tetrasodium salt. The 

results from in situ SPR spectroscopy indicating the successive formation of ultrathin 

films and single walled carbon nanotube can enhance the electroactivity of the hybrid 

film. Sriwichai et al. [98] also fabricated the ultrathin films of linear cationic 

sexithiophene (6TNL) and dendrimeric cationic sexithiophenes (6TND) with anionic 

polycarbazole precursor by LbL self-assembly deposition technique. 

 

1.6 Instruments [99101] 

1.6.1 Surface plasmon resonance (SPR) spectroscopy 

The typical prism coupling SPR based sensor is shown in Figure 1.11. Helium-

Neon (He-Ne) laser beam of p-polarized light is focused on to the prism base using the 

lens and reflected light is measured using an ultrasensitive photodiode. The polarizer is 

set to polarize the incident beam as p-polarized in the direction parallel to the plane of 

incidence, in this case, in the horizontal plane. Surface plasmon is excited using 

Kretschmann configuration in which the metal film is in direct contact with the prism 
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base. Lock-in-amplifier and chopper are integrated with the proposed set-up to improve 

signal to noise ratio (SNR) of the measurement. A chopper is used to modulate the 

intensity of the incident light and the lock-in amplifier is employed to measure the data 

with reference to the chopping frequency. Gold film is used as the metal film, which is 

coated on the base facet of BK7 prism. 

 

 

 

Figure 1.11 ATR set up. [99] 

 

The prism is fixed on the rotation table and rotated in steps of 0.1° to change the 

momentum of incident light with respect to dielectric-metal interface. SP will be 

excited once the momentum between the incident light and surface plasmon is matched. 

Maximum energy transfer (Ksp) between photon to surface plasmon takes place at SPR 

angle and is very sensitive to dielectric property of the material adjacent to gold film 

which is given by 
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𝐾𝑠𝑝 =  


𝑐
 √

𝑚𝑑 

𝑚 +  𝑑
 

 

where ω is the frequency, c is the velocity of the light, and ε1 and εb are dielectric 

constants of metal layer and dielectric buffer layer, respectively. 

 

1.6.2 Scanning electron microscopy (SEM)  

The first SEM was pioneered by Zworykin and co-workers in 1942 [100]. The 

instrument was further developed for the first commercial SEM by the Cambridge 

Scientific Instruments model Mark I, which was first commercially available in 1965. 

The SEM is one of the electron microscope instruments capable of producing high-

resolution images of the sample surface and analysis of the microstructural 

characteristic of solid specimen. The basic components of the SEM are the lenses, 

electron gun, electron collector, visual and recording cathode ray tubes (CRTs) as well 

as the electronics with CRTs. 

In the typical SEM as shown in Figure 1.12, the electron gun is the source for the 

electron beam used to probe the sample. Electrons emitted from a cathode which is a 

type of a tungsten or lanthanum hexaboride (LaB6), accelerated towards an anode. One 

or two condenser lenses for focusing the electron beam passes through pairs of scanning 

coils or pairs of deflector plates in the objective lenses. The electron beam is 

horizontally and vertically deflected by objective lenses. When the primary electron 

beam interacts with the sample, the electrons lose energy by repeated scattering and 

absorption within a teardrop-shape volume of the specimen. The signals of the greatest 
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interest are the secondary and backscattered electrons, due to these variations according 

to differences in surface topography as the electron beam sweeps across the specimen. 

The secondary electron emission is confined to a volume near the impact area of the 

beam, producing an image to be detected. A detector counts the secondary electrons 

and then amplifies them by photomultiplier tubes. The resolution of the SEM depends 

on the size of the electron spot, which in turn depends on the magnetic electron-optical 

system that used to produce the scanning beam. SEM requires sample to be conductive 

by coated with gold by a sputter coater. 

 

 

Figure 1.12 A schematic of Scanning Electron Microscope [101]. 
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• At the top of the picture is an electron gun, producing a stream of 

monochoromatic electrons. 

• The electron beam is condensed by the first condenser lens, which is used 

to form the beam. Together with the condenser aperture, it eliminates the 

high–angle electrons from the beam. 

• The second condenser lens forms the electrons into a thin, tight, 

coherent  beam  and  is  usually  controlled  by  the  “fine  probe 

current.” 

• A user–selectable objective aperture further eliminates high–angle 

electrons from the beam. 

• A set of coils then “scans” or sweeps” the beam in a grid fashion like 

a television, dwelling on points for a period of time (usually in the 

microsecond range) determined by the scan speed. 

• The final lens, the objective lens, focuses the scanning beam onto the 

desired part of the specimen. 

• When the beam strikes the sample, interactions occur inside the 

sample and are detected by various instruments. 

• Before the beam moves to its next dwelling point, these detectors count 

the number of interactions and display a pixel on a screen whose 

intensity is determined by this number. Generally, the more reactions, 

the brighter the pixel. This process is repeated until the grid scan is 

finished, and then repeated. 
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1.7 Objectives of the research 

1.7.1 To fabricate the water-stable electrospun polyacrylic acid fiber 

1.7.2 To fabricate the LR-SPR sensor chip based on the obtained water-stable 

electrospun polyacrylic acid fibers 

1.7.3 To construct the LR-SPR immunosensor based on the obtained water-

stable electrospun polyacrylic acid fibers 

1.7.4 To study the sensing property of LR-SPR immunosensor  
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CHAPTER 2 

Experimental Details 

 

2.1 Chemicals and Instruments 

2.1.1 Chemicals 

All chemicals used in this research are shown in Table 2.1 

 

Table 2.1 Chemicals, Molecular weight, Purity and Company.  

Chemical Purity 

Molecular 

formula 

Molecular 

Weight 

Company 

Polyacrylic acid (PAA) 98% (C3H4O2)n 450000 Sigma-Aldrich 

Poly(diallydimethylammonium 

chloride) (PDADMAC) 

97% (C8H16ClN)n 20000 

350000 

Sigma-Aldrich 

3-Mercapto-1-propanesulfonic 

acid sodium salt (MPS) 

90% C3H7S2O3Na 178.21 Sigma-Aldrich 

-cyclodextrin 97% C42H70O35 1134.98 Sigma-Aldrich 

Phosphate buffered saline, tablet -  -  - Sigma-Aldrich 

1-Ethyl-3-(3-dimethylamino 

propyl)-carbodiimide 

hydrochloride (EDC)  

98% C8H17N3  191.70  TCI MARK  

N-Hydroxysuccinimide (NHS) 98% C4H5NO3  115.09  TCI MARK   
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Table 2.1 (Continued) 

Chemical Purity 

Molecular 

formula 

Molecular 

Weight 

Company 

Ethanolamine hydrochloride 

(EA-HCl) 

99.0% C2H7NO  97.54  TCI MARK   

Monoclonal anti-human IgG 

(Fab specific) produced in goats 

(Anti-IgG) 

- -  -   Sigma-aldrich 

IgG from human serum (IgG) reagent 

grade 

-  -   Sigma-aldrich 

 

2.1.2 Instruments 

The instruments used in the research are summarized in Table 2.2. 

 

Table 2.2 Instrument used in the experiments. 

 

Instrument Company 

Surface plasmon resonance (SPR) 

spectroscopy instrument 

a homemade-attenuated total reflection 

(ATR) setup using Kretschmann optical 

configuration 

Scanning electron microscopy - 
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2.2  SPR and LR-SPR instruments 

The attenuated total reflection (ATR) setup used for the excitation of surface 

plasmons in the classical Kretschmann configuration is shown in Figure 2.1. Surface 

plasmons are excited by He-Ne laser with  = 632.8 nm The 2 dielectric layers with 

similar refractive indices on the opposite side of thin metal film are required in LR-SPR 

as shown in Figure 2.1(a). The LR-SPR sensor chip which consists of Cytop with 

refractive index of 1.34 (similar to water with refractive index of 1.33) is spin-coated 

on the high refractive index glass substrate. The 30 nm of gold film is then deposited 

by vacuum evaporation on the Cytop film. Figure 2.1(b) is the schematic of 

conventional SPR sensor chip, the gold film with thickness about 47 nm is deposited 

on high refractive index glass substrate for optimum excitation of surface plasmons. 

For both chips, a 2-nm chromium layer is deposited to promote gold adhesion before 

gold layer deposition.  

For demonstration that LR-SPR sensor could be created with multilayer films, the 

angular scan measurements were performed in ATR setup compared with conventional 

SPR. 
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Figure 2.1 Schematic of instrument setup and sensor chip/prism of (a) LR-SPR and (b) 

conventional SPR at the gold-water interface. [102] 

 

2.3 LR-SPR substrate fabrication 

A high refractive index glass slide was employed as a substrate and cleaned before 

use. The substrate was cleaned in sonication bath in detergent for 15 min followed by 

deionized (D.I.) water for 15 min and then washed several times with D.I. water. The 

substrate was then dried in oven about 2030 minutes.  

The dielectric buffer layer was made using Cytop. A 7% Cytop solution (5 g of 

9% Cytop, CTL-809M; M-grade was dissolved in 1.45 g Cytop solvent, CTL-180 

solvent) was spin-coated on the cleaned glass substrate as shown in Figure 2.2. The 

Cytop thickness was 800 nm which obtained using an initial spin rate of 500 rpm for 

10s which following by 1300 rpm for 20s.  The Cytop solvent was removed in an oven 
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at 180 C for 1h. The 30 nm gold film was then deposited onto the obtained Cytop-

coated glass substrate by vacuum evaporation.   

 

 

Figure 2.2 Spin-coating of 7% Cytop solution on high-refractive index glass. 

 

Vacuum evaporation of gold film can be done by following method. The gold 

(Au) thin film was evaporated on the cleaned high refractive index glass slide substrate 

by thermal vacuum evaporation. The thermal evaporation process is shown in Figure 

2.3. The vacuum allows vapor particles to directly travel to the target (substrate), where 

they condense back to a solid state. The 2 nm of chromium (Cr) thin film was firstly 

evaporated on the substrate for ensure mechanical stability of the Au film on the glass 

substrate. Then, on the Cr film, the Au thin film with thickness about 30 nm was chosen 

for optimum excitation of the surface plasmon vacuum evaporated onto the glass 

substrate.  
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Figure 2.3 Schematic diagram showing vacuum evaporation device [103]. 

 

2.4 Fabrication of water-stable electrospun PAA fibers with LbL PAA 

Prior to modify an electrospun PAA fiber on the LR-SPR sensor surface, the 

negative charge of MPS and positive charge of PDADMAC were deposited on the Au 

film for ensure that the PAA fiber could be deposited on the LR-SPR sensor. The 

prepared LR-SPR substrate was firstly immersed in 1.0 mM MPS solution (0.178 

mg/mL in ethanol) for 180 min to create negatively charge surface, followed by rinsing 

with D.I water, and then immersed in 1 mg/mL PDADMAC aqueous solution for 15 

min to create positively charge surface, respectively. This bilayer could be improved 

the adhesion of the electrospun PAA fiber.  

The electrospinning equipment was setup as shown in Figure 2.4. The -



47 
 

cyclodexdrin/PAA fiber (using 0.1 g -cyclodextrin in 10%wt PAA solution) was then 

deposited on the surface by electrospinning method with the following condition: the 

applied voltage of 25 kV, the distance between tip and collector of 15 cm, the diameters 

of Teflon tube of 1.20 mm and glass pipette of 1.00 mm followed by the crosslinking 

with annealing at 150 C for 40 min to increase the water-stability. To further increase 

the stability of the PAA fibers, the 2 bilayers of positive PDADMAC and negative PAA 

were then alternately deposited by LbL electrostatic adsorption technique on the surface 

as shown in Figure 2.6. We therefore called this fiber as “LbL water-stable electrospun 

PAA fibers” in this study. The schematic of fabrication of the crosslinking PAA is 

shown in Figure 2.5. 

 

 

 

 

Figure 2.4 The electrospinning equipment setup. 
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Figure 2.5 Schematic diagram of crosslinking PAA fiber and -cyclodextrin with 

thermal treatment [23]. 

 

 

 

 

Figure 2.6 LbL of PDADMAC and PAA solution on the substrate. 
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2.5 Stability of the LbL water-stable electrospun PAA fibers 

The stability of the electrospun PAA fibers was studied using angular scan 

measurements in a classical Kretschman configuration of LR-SPR setup. The angular 

scan measurements of pure electrospun PAA fibers, crosslinked electrospun PAA fibers, 

and LbL water-stable electrospun PAA fibers were investigated in water at various 

times (0 min – 90 min).  

 

2.6 Construction of LbL water-stable electrospun PAA fiber-based 

immunosensor 

The construction of LbL water-stable electrospun fibers based-immunosensor 

was performed in LR-SPR setup for detection of human IgG. After the LR-SPR baseline 

was obtained in PBS solution, an aqueous mixture of 0.4 M EDC and 0.1 M NHS (1:1) 

was injected to activate the carboxylic group of the PAA fibers to            N-

hydroxysuccinimide ester. After rinsing with PBS solution, 100 g/mL of anti-human 

IgG was injected for immobilization onto the activated group of the fibers. To 

deactivate the remaining unreacted N-hydroxysuccinimide ester, an aqueous buffer 

solution of 0.2 M EA-HCl was then injected. The obtained electrospun PAA fibers 

based-immunosensor was finally employed to detect various concentrations of human 

IgG.  

 

2.7 Morphology study of the electrospun PAA fibers  

The morphology of the obtained electrospun PAA fiber was studied by SEM. 
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CHAPTER 3 

Results and discussion 

 

 The comparisons of conventional SPR and LR-SPR sensor chip of the PAA fiber 

including the properties of the electrospun PAA fiber were studied by using prism 

coupling surface plasmon resonance spectroscopy. The scanning electron microscopy 

was also employed to characterize the electrospun PAA fibers. 

 Prior to fabrication of PAA fiber, the appropriate thickness of Cytop was 

determined by LR-SPR angular scan measurement. The thickness of the dielectric 

buffer layer or 7% Cytop was varied from 500 to 900 nm by spin coating the solution 

on the BK7 substance before evaporation of 30 nm Au film on the top. From Figure 3.1, 

the dip angle of LR-SPR angular reflectivity curves is lowest at the thickness of 800 

nm and the width of the curve is decreased which indicated that the optimum Cytop 

thickness for this study is 800 nm because the electric field intensity will be highest 

with maximum coupling of the incident light. 
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Figure 3.1 LR-SPR angular reflectivity scan curves of the various thickness of Cytop 

layer on Au film. 

3.1  Comparison of angular-reflectivity curve between conventional-SPR and 

LR-SPR setup   

A typical angular-reflectivity curve is demonstrated in the reflectivity versus 

incident angle on the prism. The reflectivity starts from a value below 1.0 and increase 

to a reflectivity close to 1.0 which the angle at this reflectivity is called “critical angle”. 

The reflectivity stays more or less constant and starts to decrease until a minimum value 

close to zero is reached. With increasing incident angle, the intensity recovers in a 

slightly asymmetric form. The decreasing in the reflectivity curve is called “surface 

plasmon”. The resonance angle is located in the minimum reflectivity. By adding other 
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layers to the thin metal film, the resonance of the surface plasmon shifts to a higher 

angle [57]. Comparison of the angular-reflectivity curves between the conventional 

SPR and LR-SPR sensor chips showed different in dip angle positions which the 

resonance curve of the LR-SPR chip is much sharper with more symmetric shape than 

conventional SPR chip as shown in Figure 3.2. The LR-SPR curve is occurred at the 

lower angle with a narrower shape than the conventional SPR. The narrow resonance 

in the LR-SPR angular-reflectivity curve is associated with the excitation of LR-SPR 

mode at the gold-water interface. Moreover, the dip angle is part of an interference 

pattern which fringe spacing is dependent on the thickness of the Cytop layer [57]. 

 

 

Figure 3.2 Conventional SPR and LR-SPR angular reflectivity curves.  

3.2 Fabrication of water-stable electrospun PAA fibers with LbL-PAA fiber 
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The pure PAA fiber can be solubilized in aqueous solution, therefore, we have 

tried to develop the crosslinked PAA by adding -cyclodextrin for construction of 

immunosensor in this research. The higher concentration of -cyclodextrin made the 

larger size of fiber due to the -cyclodextrin cannot completely dissolve which led the 

fiber to be a bead. Moreover, if the ratio of water : ethanol is high, the viscosity of PAA 

solution is low. This leads to a non-continuous fiber. Therefore, the electrospun PAA 

fibers were fabricated using PAA solution in 4:1 water : ethanol with 10%        -

cyclodextrin added into the glass pipet with 0.1 mm inner-diameter and Teflon tube 

with 1.2 mm inner-diameter followed by heat treatment at 180 C for 40 min. The 

electrospinning setup is shown in Figure 2.4. The obtained electrospun PAA fibers were 

characterized by scanning electron microscopy (SEM). The SEM images are shown in 

Figure 3.3. The average diameter of the electrospun PAA fiber from the glass pipet was 

0.475 µm as can be obtained from Figure 3.3(a) whereas the diameter of the electrospun 

PAA fiber from Teflon tube was 0.671 µm as can be obtained from Figure 3.3(b). The 

electrospun PAA fiber from glass pipet was chosen and used in the LR-SPR 

experimental due to its thinner and smoother than the fiber from Teflon tube. 

 

 

 

 

 

 



54 
 

 

 

 

 

Figure 3.3 SEM images of electrospun PAA fibers after heat treatment from (a) glass 

pipet (b) Teflon tube. 
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The structure of electrospun PAA fibers in this work is shown in Figure 3.4. Due 

to completely dissolving of the pure PAA fiber, the crosslinked electrospun PAA fiber 

was produced by adding β-cyclodextrin as crosslinker followed by thermal treatment. 

The dehydration of carboxylic groups of PAA was occurred followed by esterification 

with hydroxyl groups of β-cyclodextrin during thermal treatment [23]. This led the 

crosslinked electrospun PAA fiber contained less number of carboxylic groups in the 

polymer chain compared to the pure PAA fiber. However, a numerous of carboxylic 

groups of the polymer surface are useful in biosensor and immunosensor applications. 

We, therefore, employed LbL deposition technique to increase the number of the 

carboxylic groups and stability of the fibers in this study. The LbL deposition technique 

involves the alternate adsorption of anionic and cationic polyelectrolytes on a charged 

substrate of MPS by subsequently dipping the substrate into the aqueous polyelectrolyte 

solutions which becomes a thin polymer film on the substrate [9092, 98]. In this 

present work, the crosslinked electrospun PAA fibers with negative charge on the 

surface were coated by alternated LbL multilayers deposition of positive PDADMAC 

and negative PAA for 3 bilayers, thus leaving the high surface area of the electrospun 

fibers and increased the carboxylic groups of PAA surface [23]. We therefore called 

these fibers as “LbL water-stable electrospun PAA fibers” in this study. The schematic 

view of LR-SPR chip after surface improvement by LBL deposition of positive 

PDADMAC and negative PAA is shown in Figure 3.4. 
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Figure 3.4 Schematic view of LR-SPR chip after surface improvement by LBL 

deposition of positive PDADMAC and negative PAA. 

 

In addition, the conventional SPR and LR-SPR sensor chip are compared by 

monitoring the angular scan curves of 1 bilayer LbL crosslinked-electrospun PAA 

fibers as shown in Figure 3.5. The different of both sensor chips is the Cytop layer 

between glass slide and gold layer in LR-SPR sensor chip. After electrospinning of 

crosslinked electrospun PAA fibers on both conventional and LR-SPR sensor chips, the 

electrospun PAA fiber chip was then mounted to SPR Teflon cell. The LbL deposition 

process was mainly carried out in the following 2 steps: (1) PDADMAC solution was 
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firstly injected in SPR Teflon cell for 15 min and subsequently washed with D.I. water 

for 2 min and (2) after washing step, PAA solution was then injected for 15 min, 

followed by washing with D.I. water. The angular-reflectivity scan was then performed. 

The thickness of the LbL crosslinked-electrospun PAA fibers was assumed to be equal 

in both sensor chips. The LR-SPR resonance angle, was shifted to higher angle (Figure 

3.5b) while the conventional SPR dip angle was shifted to lower angle (Figure 3.5a). It 

indicated that LR-SPR sensor chip has larger penetration depth of the evanescent wave 

which shows more sensitivity compared to conventional SPR [57]. 
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Figure 3.5 Angular-reflectivity curves of electrospun PAA fiber in water after LbL 

deposition of PDADMAC and PAA for 1 bilayer of (a) conventional SPR and (b) LR-

SPR. 

3.3 Stability of the LbL water-stable electrospun PAA fibers 

Since the pure PAA fiber is water soluble material, we therefore improved the 

stability of the PAA fiber by crosslinking with -cyclodextrin. The water-stable of PAA 

fibers were produced to retain their fiber structure by adding -cyclodextrin as 

crosslinking agent into an aqueous PAA solution and then heated at 150 C for 40 min. 

The structure of crosslinked PAA fibers was earlier reported elsewhere [23]. These 

electrospun PAA fibers are insoluble in water. Moreover, for further increasing the 

stability of the crosslinked PAA fibers, the 3 bilayers of positively PDADMAC and 

negatively PAA were alternately deposited by LBL technique on the PAA fibers. The 

stability of the fibers in water was studied by measuring the LR-SPR angular-

reflectivity curves of the fibers in water at various soaking times as seen in Figure 3.6. 

The LR-SPR reflectivity curves of all fibers were shifted to high angle compared with 

bare gold. However, the PAA fibers were disappeared from the gold substrate surface 

after 20 min as can be seen from the dip angle of LR-SPR reflectivity curve in Figure 

3.6(a) was shifted to lower angle and return back to the same position with the bare 

gold.  This indicated that the electrospun PAA fibers completely dissolved in water. 

Stability of the crosslinked PAA fibers is shown in Figure 3.6(b). Shift of the dip angle 

was slightly observed indicating a small amount of the fibers had been peeled off after 

soaking in water for several minutes. The interesting result was observed for the LbL 

water-stable electrospun PAA fibers as shown in Figure 3.6(c). The dip angle was still 
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at the same position even after soaking the fibers for 90 min in water. This indicates 

that the LbL water-stable electrospun PAA fibers show the most stable in this study. 

The dip angle of the LbL water-stable electrospun PAA fibers was higher and broader 

than that of the crosslinked PAA fibers (before LbL) which refers to the more PAA 

alternated with PDADMAC and that more carboxylic group on the fiber surface. We 

therefore decided to use this LbL water-stable electrospun PAA fiber as sensor chip for 

construction of immunosensor.  
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Figure 3.6 LR-SPR angular reflectivity curves of (a) PAA fibers (b) crosslinked PAA 

fibers and (c) LbL water-stable electrospun PAA fibers. 
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Figure 3.6 continued. 

 

For further study the advantage of the fibers on LR-SPR sensor chips, the LbL on 

the substrate without electrospun PAA fiber surface was chosen to compare with the 

LbL on the water-stable electrospun PAA fiber. The LR-SPR angular scan curves are 

shown in Figure 3.7. Shift of the resonance dip angle was obviously observed for the 

LbL on the water-stable electrospun PAA fiber as shown in Figure 3.7(b) comparing 

with slightly change in the LbL without fiber surface as shown in Figure 3.7(a). This 

obvious change indicates the advantage of the water-stable electrospun PAA fiber for 

use as LR-SPR immunosensor. 
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Figure 3.7 LR-SPR angular reflectivity curves of PDADMAC/PAA LbL bilayers    

(a) without electrospun PAA fiber (b) on electrospun PAA fiber. 
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3.4 Construction of electrospun PAA fiber-based immunosensor 

The LR-SPR chip, as shown in Figure 3.4, was then employed for construction 

of immunosensor for detection of human IgG at various concentrations. The sensing 

property of electrospun PAA fiber was studied by immobilizing anti-human IgG on 

carboxylated electrospun PAA fiber through covalent bond. The real time monitoring 

was performed using SPR kinetic measurement during construction of the electrospun 

PAA fiber based immunosensor as shown in Figure 3.8. The EDC/NHS coupling 

reagent was employed to activate the carboxylic group of PAA fibers to NHS-ester 

group. After rinsing the fiber with PBS, the 100 µg/mL anti-human IgG was injected 

and immobilized to the activated group on the surface. The reflectivity increased during 

the immobilization process indicating the binding of anti-human IgG on the fiber 

surface. A non-immobilized surface of the activation group was then deactivated by 

EA-HCl buffer solution before detection of human IgG.  
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Figure 3.8 SPR kinetic curve during construction of the LbL water-stable electrospun 

PAA fiber-based immunosensor. 

The construction of immunosensors using the LbL film on bare surface and LbL 

on crosslinked PAA fibers as LR-SPR sensor chips were investigated by LR-SPR 

spectroscopy. The LR-SPR angular reflectivity curves during construction of the 

immunosensors for detection of human IgG (sensing) on both sensor chips are shown 

in Figure 3.9. The resonance dip angles after immobilization of anti-human IgG and 

detection of human IgG on LbL crosslinked-electrospun PAA fiber sensor chips (Figure 

3.9(b)) were obviously shifted to higher angles comparing with the dip angles of LbL 

on bare surface sensor chips (Figure 3.9(a)). This can be confirmed that LbL crosslinked 

electrospun PAA fibers can adsorb more amount of anti-human IgG on fiber due to the 

more surface area and carboxylic group on the sensor chip surface. Therefore, it can be 

concluded that the LR-SPR sensor chip with LbL crosslinked electrospun PAA fiber 

exhibited more sensitivity. 
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Figure 3.9 SPR angular reflectivity curve during the construction of immunosensor for 

the binding of human IgG on (a) 1 bilayer LbL on bare surface (b) 1 bilayer LbL 

crosslinked-electrospun PAA fibers. 
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Finally, the constructed LR-SPR immunosensor based on water-stable PAA 

fibers was employed for detection of human IgG (at concentrations of 1, 5, 10 μg/mL 

in PBS buffer solution). The dip angles before and after human IgG sensing processes 

were measured. Table 3.1 shows the dip angle reflectivity changes after sensing with 

human IgG. The reflectivity change was increased with the concentrations of human 

IgG. This can be confirmed that the LR-SPR immunosensor based on water-stable PAA 

fibers can be used for detection of human IgG.  

 

Table 3.1 Dip angle reflectivity change after sensing with human IgG. 

 

Concentration of human IgG 

(µg/mL) 

Reflectivity change 

1 0.0078 

5 0.2262 

10 0.2520 
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CHAPTER 4 

Conclusions 

 

In this study, the water-stable electrospun polyacrylic acid (PAA) fibers were 

successfully fabricated by adding β-cyclodextrin as crosslinking agent followed by 

thermal treatment at 180 °C for 40 min after electrospinning process due to its stability 

in the aqueous solution. The dip angle of the non-crosslinking fiber was changed due 

to its peel off from the substrate which indicated the unstable fiber. The water-stability 

and sensitivity of the fibers were improved using layer-by-layer (LbL) alternate 

deposition of anionic PAA and cationic poly(diallyldimentylammonium chloride) 

(PDADMAC) polyelectrolyte solutions. The LbL of PAA and PDADMAC was 

successfully prepared. In angular scan measurement, the dip angle of LR-SPR 

reflectivity of the fiber after incubate in aqueous solution for 90 min was not changed 

which indicating that this obtained LbL crosslinking electrospun fiber was very stable 

in the aqueous solution and contained more amount of available carboxyl groups which 

necessary for adsorption the biomolecule. Comparison of the angular scan measurement 

of the LbL water-stable electrospun fiber with flat MPS surface (the gold substrate after 

charged with MPS), the dip angle was shifted to higher angle due to the LbL of the 

fiber. In biosensing study, the reflectivity was increased after injection of each chemical 

due to the binding process which occurred on the sensor chip. By increasing the 

concentration of human-IgG, the dip angle in angular scan measurement was changed 

to higher angle, indicating that this LR-SPR sensor chip has a concentration-dependent 

and can be used to detect human IgG.  
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The LbL crosslinked-electrospun PAA fibers can be employed as LR-SPR sensor 

chip which consists of thin gold film and layer of Cytop. The LR-SPR sensor has larger 

evanescent field intensity and penetration depth as compared to conventional SPR. 

Since the LbL crosslinked-electrospun PAA fibers can enhance the signal of LR-SPR 

spectroscopy, therefore, the water-stable electrospun PAA fibers based LR-SPR 

immunosensor was successfully constructed for detection of human IgG. The LR-SPR 

sensor chip based on the water-stable PAA fiber can be used as a biosensor in the further 

work which more further experiments would be performed. 
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