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histidine tagged microcin (His-MccS). This intermodal fiber sensor is implemented 

by a no-core fiber (NCF) functionalized with chitosan (CS)-nickel (Ni) film for 

direct detection of small peptide: microcin. The fiber intermodal sensor relies on 

the refractive index modulations due to selective adsorption event at the chitosan 

(CS)-nickel (Ni) film. Owing to the strong affinity between Ni2+ ions and histidine, 

the immobilized Ni2+ ions in the chitosan film were utilized as binding agents for 

the direct detection of hexa-histidine tagged microcin. A comparative study in 

relation to different target size was conducted: full proteins trypsin, bovine serum 

albumin (BSA) and human serum albumin (HSA), with high histidine content on 

their surface and His-MccS (peptide, 11.6 KDa), have been employed for sensor 

evaluation.  Results have shown selectivity for His-MccS relative to trypsin, BSA 

and HSA.  The most telling contribution of this study is the fast detection of small 

biomolecule His-MccS compared to standard detection procedures like SDS-PAGE 

and western blot. The proposed sensor exhibits His-MccS detection sensitivity of 

0.0308 nm/(ng/ml) in the range of (0-78) ng/ml with concentration detection limit 

of 0.8368 ng/ml.  

The third work involves an inline reflection mode intermodal sensor based on 

direct ligand immobilization for detection of nickel ions (Ni2+). Covalently 

immobilized nickel specific ligand, Meso-Tetra(4-carboxyphenyl)porphine, on the 

NCF surface serves as adsorption site for Ni2+ and can induce ambient refractive 

index (RI) change around the NCF on occurrence of binding events. The change in 

RI results in spectrum wavelength shifts, which was measured for continuous 
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Chapter 1  

Introduction 

1.1 Motivation & Objectives 

Research on polymers for sensing applications has been gaining tremendous 

amount of interest in the recent years. Polymers possess desirable properties like 

their ability to be coated easily and effectively on solid substrates and the facile 

methods of chemical modifications that can be performed on them to tailor certain 

desirable properties.  

Polymers can be broadly classified as synthetic and natural polymers. Natural 

polymers occur in nature, are biodegradable and biocompatible, and can be 

imparted desirable sensing characteristics through chemical modifications. Some of 

the natural polymers are proteins, DNA and polysaccharides like cellulose, agarose 

and chitosan. On the other hand synthetic polymers are man-made polymers. 

Synthetic polymers have been extensively used in the development of sensors as 

different monomers can be chemically incorporated to synthesis polymers with a 

broad range of chemical, physical and biological properties.  

However with the emphasis shifting towards the development of non-polluting and 

eco-friendly smart polymers, natural polymers have been gaining a considerable 

amount of interest in sensing applications. Among natural polymers, chitosan has 

attracted significant attention owing to its properties like film and diaphragm 
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formation, low optical loss, chelation of heavy metal ions, response to physical 

stimuli like pH, temperature and humidity, biocompatibility and biodegradability. 

These attributes make chitosan a viable alternative to synthetic polymer based 

chemical sensors for sensing of chemical and biological species.  

There are different types of sensors like electrochemical sensors, resonant sensors, 

semiconductor sensors and optical sensors. Among optical sensors, inline 

interferometric sensors have gained considerable amount of interest owing to their 

favourable attributes like compact size, high dynamic range, good sensitivity and 

stability. Hence development of chitosan integrated inline fiber optic 

interferometric sensors for detection of heavy metal ions and proteins would be the 

focus of this thesis. 

1.2 Thesis Organization 

In Chapter 2, literature survey leading to the research is presented. The properties 

of the natural polymer chitosan are introduced and different types of optical 

sensors are reviewed, followed by a brief discussion on the sensing principles of 

various types of in-line fiber optic interferometric sensors.  

In Chapter 3, a chitosan/PAA (polyacrylic acid) bilayer based intermodal sensor is 

introduced for detection of Ni2+ ions. Sensor fabrication and sensing principles are 

discussed in details, and experimental data are presented in terms of sensitivity, 

specificity, and stability and response times.  
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Chapter 2  

Literature Survey 

Polymers are macromolecules made up of connecting identical structural units 

(monomer) together through a process known as polymerization. The structure of 

polymer chains depends on the polymerization method and the structure of the 

monomer.  

There are two main categories of polymer: synthetic and natural. Synthetic 

polymers are man-made polymers synthesized by polymerization process using 

chemical substances. Nylon, Teflon, poly propylene and poly vinyl chloride (PVC) 

are some of the common synthetic polymers. On the contrary natural polymers are 

widely found in nature (plants and animals) and are formed by condensation 

reactions of the monomers, with water being the by-product. Nucleic acids and 

proteins are natural polymers found in humans whereas cellulose is another natural 

polymer, which is the main structural component of plants.  

Synthetic polymers have dominated a large part in sensing industry. The particular 

reasons that make them attractive for sensing applications are relatively low cost 

and able to gain a specific sensing behavior on its surface region or into bulk 

material through side chain modification. Moreover, synthetic polymers can be 

easily deposited as a sheet or thin/thick film into inorganic solid state devices. The 

deposition methods include: casting, photolithography, spin coating, 

http://en.wikipedia.org/wiki/Polymers
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electrochemical, vacuum deposition (sputtering, plasma), Langmuir-Blodgett 

method, etc.  

2.1 Chitosan 

Chitosan is generally found in nature as a macromolecular compound called chitin. 

Chitin was discovered by a French professor Henri Braconnot in 1811, by repeated 

chemical treatment of mushroom with a dilute alkali solution and he named it as 

fungine. The name chitin was coined by Odier.  J. L. Lassaigne proved that chitin 

is not cellulose by confirming the existence of nitrogen and later presence of 

glucosamine and acetic acid was identified by G. Ledderhose through hydrolysis. 

Further research confirmed that chitin was made of repeating units of N-

acetylglucosamine. F. Hoppe-Seiler confirmed that chitin could be deacetylated 

into a new product by boiling chitin in an alkali solution and named this product 

chitosan [1].  

The chemical structures of chitin and chitosan are presented in Figure 2-1. Chitin 

consists of repeating units of N-acetyl-D-glucosamine and deacetylation of chitin 

leads to formation of chitosan. The removal of acetyl groups from chitin results in 

amine groups. The chemical structures of chitosan and chitin are similar to 

cellulose except that C-2 position hydroxyl group of cellulose is replaced by acetyl 

group in chitin and amino group in chitosan. Comparing to chitin, chitosan is more 

efficient in adsorption capacity due to the present of amino groups on polymer 

chain.  
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        (a) 

 

        (b) 

 
 

Figure 2-1: Chemical Structures of (a) chitin and (b) chitosan 

 

Generally if the degree of deacetylation (DD) of chitin is more than 60% and it can 

dissolve in weak acid, it can be called chitosan [1]. Physical and chemical 

properties of chitosan largely depend on its molecular weight and degree of 

deacetylation [2]. Chitosan ([C6H11O4N]n) is receiving a great deal of interest in 
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biomedical applications such as immobilization matrix or scaffold, artificial 

vessels/skin as well as a drug carrier due to its biocompatibility and non-toxicity 

properties. 

2.1.1 Cationic polyelectrolyte 

Many properties of chitosan can be explained by the presence of primary amine 

and hydroxyl groups. Chitosan has a pKa value of around 6.5 and thus at lower pH 

(<6.5), the amines will be protonated and acquire positive charge, rendering 

polycationic behavior to chitosan. Degree of deacetylation and pH value dictates 

the charge density of chitosan. At high pH (>6.5), de-protonation of amine groups 

occurs causing chitosan to lose charge and become insoluble. 

This cationic property of chitosan enables it to be applied as an agent that can be 

used with other chemical species like metal anions, dyes, etc. to improve 

coagulation and as a filtration membrane for the removal of contaminants from 

water [3, 4]. 

2.1.2 Film forming ability  

One of the most fascinating attribute of chitosan is its ability to form films and 

membranes easily. Chitosan solutions are highly viscous and hence can be cast into 

films and membranes possessing good mechanical properties and are permeable. 

The chitosan films/membranes have been utilized in various fields such as 

membrane separation, food packaging, and biomedical applications.  
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The amine and hydroxyl functional groups form inter and intra molecular bonds 

between them, thereby contributing to the formation of chitosan films. The 

mechanical properties of the film can be altered by manipulation of degree of 

deacetylation (DD), molecular weight, pH of solvent, and type of solvent. Based on 

these parameters it is found that tensile strength of chitosan films can be altered 

between 7 to 150 MPa [2, 5]. Higher molecular weight chitosan has relatively 

better tensile strength compared to lower molecular weight chitosan. This can be 

attributed to the presence of greater amount of amine and hydroxyl functional 

groups, resulting in stronger inter and intramolecular hydrogen bonds [6]. Chitosan 

films from higher DD possess greater positive charge density compared to films 

prepared from lower DD chitosan. This results in chain flexibility reduction and 

renders the film crystalline, resulting in greater tensile strength [5].  

Chitosan is insoluble in water and dissolves in weak acids. The acid type also 

influences the mechanical properties of films. Chitosan dissolved in acetic acid 

solution forms dimers, which indicates relatively strong intermolecular interaction. 

Thus chitosan films cast from solutions with acetic acid as solvent had greater 

tensile strength than those from other acid solutions [6]. The Youngs modulus of 

chitosan is in the range between 2 to 6.3 GPa [7], which implies that chitosan has 

relatively better elasticity compared to polyurethane (Young modulus value around 

70 GPa) which is a commonly used sensing diaphragm [8]. These mechanical 

properties of chitosan make it a suitable candidate for acoustic and pressure 

sensing. 
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parts to an 
electronic or optical 
readout reporting a 
change in the 
physical, chemical or 
biological 
environment. 

Semiconductor 
based sensors 

Ion-Sensitive Field 
Effect Transducer 
(ISFET) 

Gate material 
replaced by ion 
selective polymer. 
Binding of a charged 
target analyte 
modulates the gate 
voltage thereby 
inducing a change in 
the current flowing 
between source and 
drain. 

[26-28] 

Electrochemical 
cell based sensors 

Potentiometric 
Sensors based on 
ISE (ion selective 
electrodes) 

Target analyte 
causes a change in 
the potential 
difference between 
the ISE and 
reference electrode. 

[29-31] 

 Amperometric 

sensors 

The change in 
concentration of 
target analyte 
causes a change in 
current between the 
sensing and counter 
electrode. 

[32-34] 

 Conductometric 
sensors 

Change in analyte 
concentration 
induces a change in 
the electrolyte 
conductivity of the 
measuring cell. 

[35, 36] 

 

Table 2-1: Sensing devices based on responsive polymers 
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been reported. Fabrication of the sensor involves depositing crosslinked chitosan 

thin film onto gold layer on the SPR substrate. The sensitivity of this sensor can be 

attributed to chelating property of chitosan film and it binds metal ions from the 

sample. This leads to a change in the resonance angle, which is the measured 

parameter [37-40]. 

2.3.1 Fiber optic sensors  

Fiber optic sensors (FOS) represent a new generation of optical sensors. Low cost 

of the optical fiber, advanced laser technology and spectroscopy principles serve as 

the basis for the development of these sensors. In FOS sensing system, the optical 

fiber is commonly functionalized with a polymer layer [41] sensitive to external 

stimuli, on its surface or tip to enhance sensitivity and selectivity. External stimuli 

can result in variation in refractive index, adsorption or reflection coefficient in the 

sensitive layer. This in turn will modulate amplitude, phase velocity, wavelength 

and polarization characteristics of the transmitted or reflected light propagating in 

the fiber. The external stimuli can be determined and quantified by using a suitable 

demodulation technique.  

In this work, the FOS is chosen as a physical transducer to implement an 

environmental sensor for detection of heavy metals (Nickel in the current work). 

The reasons for this are, FOS are immune to electromagnetic interference as no 

electrical current flows at the sensing point and they are able to withstand in harsh 

environment such as high temperature and high doses of radiation. Furthermore, 

the sensors are compact, lightweight, and able to guide light of different 
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interference. Thus interference is the reason for a finite number of modes that can 

propagate along the fiber. Therefore, in order to propagate along fiber axis, the 

incident angle of wavefront must be greater than the critical angle and the guided 

rays must remain in phase after multiple reflections from the interface.  

2.3.3 In-line fiber-optic interferometric sensors  

The field of FOS is very vast with a number of configurations and sensing 

techniques that can be employed to detect a wide variety of measurands. Grating-

based FOS such as fiber Bragg gratings (FBG) or long-period gratings (LPG) is the 

most widely used configuration [43]. The principle of detection is based on 

resonant wavelength shifts due effective refractive indices change of cladding 

modes with the change in measurand. Extensive improvements of these grating-

based FOS have led to them being commercialized. Another important 

configuration is Surface Plasmon Resonance (SPR) FOS and Liedberg et al. [44] 

first demonstrated its application for biosensing in 1983. Since then it has been 

extensively explored and has become a reliable label-free detection methodology 

for biosensing.  

Another sensing scheme that exhibits a remarkable performance is the fiber-optic 

interferometer. In addition to general advantages of FOS such as EMI immunity 

and high stability, it also offers a large dynamic range and high sensitivity [45, 46]. 

However, owing to the high cost of optical components or complex sensing 

element, they are not so far commercialized.  
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In-line interferometers have been used for a wide range of measurands like 

pressure, temperature, strain, magnetic field and biological events due to its simple 

configuration, fast response, wide dynamic measuring range and immunity to 

electromagnetic interference. Based on their configuration in-line interferometers 

can be categorized in to four types namely: Fabry-Perot (FP), Mach-Zehnder (MZ), 

Michelson (MI) and Sagnac. In the following sections, each of the above 

mentioned sensors is analyzed by means of configuration and working mechanism. 

2.3.3.2 Fabry-Perot interferometer 

Fabry-Perot interferometer (FPI) usually consists of a cavity separating two 

parallel reflecting surfaces. Interference signal is generated due to superposition of 

multiple reflected/transmitted beams at these reflecting surfaces. FPI based on fiber 

can be divided into two major categories:  Extrinsic Fabry-Perot interferometers 

(EFPI) Figure 2-4 (a) and Intrinsic Fabry-Perot interferometers (IFPI) Figure 2-

4(b). For EFPI, the air cavity is usually constructed by a supporting structure and 

compare to the IFPI, the fabrication is relatively simple and low cost in comparison 

to the IFPI, but it suffers from the low coupling efficiency and alignment problem 

[48, 49]. On the other hand, the IFPI has a high coupling efficiency as reflecting 

components are formed within the fiber itself. Most of the in-line Fabry-Perot 

interferometers are considered as IFPI because the cavity is formed within the 

fiber. The fiber cavity can be fabricated by any means such as Fiber Bragg 

Gratings (FBG) [50], micro machine [51], chemical etching [52] or thin film 

deposition [53]. 
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Figure 2-6: Different configuration of In-line MZI: (a) LPG, (b) core mismatch, (c) collapsing, (d,e) 

core mismatch, (f) tapering. 

The two arm MZI have been replaced by in-line MZI, in which beam 

splitter/combiner are integrated in one fiber, so the two optical couplers are no 

longer required increasing robustness of the interferometer for micro-scale sensing. 

The in-line beam splitter/combiner can be formed by various methods as shown in 

Figure 2-6 (a-f). The first one illustrated in Figure 2-6(a), employs Long-Period 

Grating (LPG) pairs as the beam splitter/combiner. The LPG is a periodic 

modulation of refractive index in fiber core induced by CO2 laser or mechanical 
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stress which is well known for its core/cladding coupling ability. The first LPG 

couples incident light from the core modes into cladding modes and the coupled 

cladding modes propagate in the cladding are then recoupled back to the core by 

the second LPG and interfered with the core modes. In this type of in-line MZI, the 

reference arm and sensing arm have equal physical lengths but different optical 

path difference (OPD) due to difference in refractive index between core and 

cladding.  

Another technique of splitting a light beam into core and cladding modes is by 

fiber core mismatch Figure 2-6(b). In this approach, two fiber are fusion spliced 

with an intentional offset along the x-axis, so that fraction of the light propagating 

in the lead-in fiber leak to the cladding of the second fiber through the 

misalignment. The propagating cladding modes will be collected by another offset-

spliced fiber and interfered with the core modes. The MZI make from core 

mismatch technique is cost-effective comparing to the LPG technique and the 

number of cladding mode can be controlled by amount of offset.  

In-line MZI can also be fabricated by splicing fiber with a section of photonic 

crystal fiber (PCF) Figure 2-6(c). PCF is made of pure silica with air-hole cladding 

material running along the fiber core. By collapsing the air-hole structure of the 

PCF, the core mode beam in a PCF is expanded into cladding modes. In-line MZI 

make from this way is rather easy as it does not involve high cost equipment or 

troublesome aligning process and exhibits low temperature cross sensitivity owing 

to its pure silica structure. However, the insertion loss is relatively high in 

comparison to the core mismatch technique.  
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line MZI and the main differences are existence of the reflector(s) and with only 

one in-line splitter/combiner.  

 

Figure 2-7: (a) Conventional Fiber type Michelson Interferometer (MI) & (b) Inline MI 

As in-line MI operates in reflection mode, they are more compact than the in-line 

MZI and exhibits relatively high sensitivity as the light beam double passes the 

sensing arm. However, the reflected light beams feedback into the light source will 

cause instability, so it is usually necessary to incorporate an optical isolator 

between the light source and optical coupler [81]. Further, the light beams reflected 

from the reflector (mirror) might not have the same polarization state when they 

combine at the in-line splitter/connector. This polarization mismatch may cause 
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significant reduction of the visibility of interference signal and hence, degrades the 

performance [56]. 

2.3.3.5 Sagnac interferometer 

 

 

Figure 2-8: Sagnac Interferometer 

Another two-beam in-line interferometer is Sagnac interferometer (SI) which 

consists of an optical fiber loop as shown in Figure 2-8. A light beam is split by the 

3-dB optical coupler and propagates in counter direction along the fiber loop. After 

that, they recombine again at the same splitter and interfere.  

Unlike other two-beam interferometers, the beams travel in counter direction 

experience the same physical and optical path, so the phase difference between the 

beams would always be zero. Therefore, in order to provide OPD in the fiber loop, 

birefringent fiber is usually integrated into the Sagnac loop. The birefringent fibers 

are anisotropic fibers that display two distinct refractive indices in two orthogonal 

principle axes which are described as the fast (lower refractive index) and slow 

axes (higher refractive index), referring to the phase velocity of the light travelling 

within them. As a result, the linearly-polarized light beams are polarized with 
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Chapter 3  

Chitosan/PAA based fiber-optic 

interferometric sensor for heavy metal ions 

detection* 

3.1 Introduction 

Contamination by heavy metals is very relevant from health point of view due to 

their toxicity and carcinogenicity [61]. These effects include central nervous 

system disorders (Hg2+, Pb2+, As3+), kidneys or liver disorders (Cu2+, Cd2+, Hg2+, 

Pb2+), disorders in skin or bones (Ni2+,Cu2+). Hence, monitoring the concentration 

of these species in water bodies is imperative and new sensing strategies are 

consistently being developed for heavy metals detection [62-66].  

Miniature fiber optic sensors are being developed as viable alternatives for these 

applications. Use of fiber optic sensors is intensively researched due to their unique 

characteristics such as multiplexing, remote sensing, high flexibility, high 

sensitivity, low cost, and immunity to electromagnetic interference etc. [45, 67, 

68].   Surface plasmon resonance based fiber optic sensors have been reported for 

detection of manganese [69] and cadmium  ions [39]. Fiber optic heavy metal ion 

sensors based on surface enhanced raman scattering (SERS) (Cd2+) [70] and



 

31 

fluorescence (Cu2+) [71] have also been reported. Among the different types of 

fiber optic sensors,  intermodal interference based sensor  has gained a great 

interest, owing  to its high stability, compact structure and  large dynamic range 

[45]. Interferometers in general rely on the interference of light beams in the 

sensing and reference arm for sensing changes in the external stimuli. In the case of 

inline fiber optic interferometric sensors since the optical fiber acts as both sensing 

and reference arms and interference spectrum is due to the interference of 

fundamental and higher order modes, these type of sensors are also called as 

intermodal sensors. The fiber optic intermodal interferometer can be categorized 

into four groups namely: Fabry-Perot (FPI), Sagnac (SI), Mach Zehnder (MZI) and 

Michelson interferometers (MI). Among all of these configurations, Fabry-Perot, 

Michelson and Sagnac interferometers are usually associated with extensive 

fabrications and require additional components such as an optical circulator or 

coupler to guide the reflected light [58, 59]. On the contrary, the intermodal Mach 

Zehnder interferometer involves a rather simple and robust fabrication process as 

no coupler/circulator is required. 

In this paper, a new intermodal Mach Zehnder interferometer for Ni2+ sensing is 

proposed. The sensor was fabricated by splicing a NCF in between standard single 

mode fibers and functionalized with chitosan (CS) / poly acrylic acid (PAA) 

multilayer film to facilitate Ni2+ ions adsorption on the sensor for detection. The 

functionalization was carried out by Layer-By-Layer (LBL) assembly (also known 

as electrostatic self assembly), which is one of the effective methods for 
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3.2.2 Methods 

3.2.2.1 Sensor fabrication  

To fabricate the sensor, a 20 mm segment of NCF (Prime Optical Fiber 

Corporation ) was spliced in between SMF (8.2/125 µm SMF-28) by using an 

electric arc splicer (Type 39, Sumitomo) to form an intermodal Mach Zehnder 

interferometer.  

3.2.2.2 Sensor functionalization 

To functionalize the sensor, 2% chitosan solution was prepared by dissolving 2g of 

chitosan in 4% acetic acid solution and 8% PAA solution was prepared by diluting 

35% PAA solution in Milli-Q water (Millipore). The solutions were continuously 

stirred for 24 h at room temperature. Prior to coating, NCF segment was treated 

with piranha solution (sulphuric acid (concentrated, 98%) and hydrogen peroxide 

(30%) in 3:1 ratio) for 60 min and sonicated with distilled water and dried under a 

stream of purified nitrogen gas. This procedure removed organic residues and 

hydroxylated the fiber surface. To carry out LBL self-assembly, the treated fiber 

was first dipped into chitosan solution for 5 minutes and withdrawn at a rate of 70 

mm/minute by using a dip coater (KSV NIMA). The fiber was allowed to dry for 

60 seconds, followed by washing with Milli-Q water. The procedure was repeated 

for PAA and this constitutes a full bilayer deposition cycle (Figure 3-1). Once 

desired number of bilayers was achieved, the functionalized fiber was then allowed 

to dry overnight in a vacuum oven at 600C.  
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Figure 3-1: Bilayer functionalization procedure schematic 

3.2.2.3 Experimental setup 

The schematic diagram of the sensing system is presented in Figure 3-2, which 

consists of an Amplified Spontaneous Emission (ASE) broadband light source 

(center wavelength: 1570 nm), optical spectrum analyzer (OSA) (YOKOGAWA 

AQ6370) and our interferometric sensor. The light emitted from the ASE light 

source is coupled into the lead-in SMF and the lead-out SMF is coupled to the 

OSA.  

 

Figure 3-2: Schematic diagram of the sensing system. 
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3.3 Experimental results and discussion 

3.3.1 Sensing principle 

NCF is a high-precision pure silica fiber with an undoped core and no cladding and 

has been widely utilized in the fabrication of heterocore structures for sensing of 

refractive index [75] and humidity [76].  The schematic diagram of the sensor is 

shown in Figure 3-3. As light propagates, the fundamental mode in the lead-in 

SMF will be excited to higher order modes in the NCF region and the interference 

between fundamental and higher order modes is then coupled back by the lead-out 

SMF.  

 

Figure 3-3: Schematic diagram of sensor. 

Figure 3-4 shows the simulation performed by using BeamPROP toolbox of RSoft, 

which illustrates that as the fundamental mode in the lead-in SMF enters NCF, 

subsequent excitation of higher order modes occurs and interference between the 

modes is formed at the lead-out SMF. Based on the simulation, the NCF can be 

considered as a multimode waveguide (number of propagating modes >3).        
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Figure 3-5: Spectral response of sensor to varying external refractive index. 

Figure 3-6 shows the wavelength shift for different refractive index levels, and it is 

observed that the sensor exhibits a non linear response which can be fitted to a 2nd 

degree polynomial (R2=0.9812). For determination of the RI sensitivity, the 

response of the sensor can be fitted into 3 quasi linear regions (Figure 3-7); first 

region from 1.3329 RIU to 1.3864 RIU with a sensitivity of 135.31 nm/RIU, 

second region from 1.3864 RIU to 1.4141 RIU with a sensitivity of 289.17 nm/RIU 

and a final region from 1.4141 RIU to 1.4355 RIU, with a sensitivity of 711.18 

nm/RIU. Refractive index sensitivity of our sensor is relatively higher than other 

reported interferometric sensors [83-85] and long period grating sensors [86, 87]. 

 














































































































































































































