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spectra start to blueshift until the RH reaches 95.8%. The shift value within this RH 

range (89.5%–95.8%) is 32.6 nm, giving an average slope of 2.0 nm/RH%. For even 

higher RH levels in the range of 95.8%–96.5%, the spectra show large redshifts with an 

average slope of 53.1 nm/%RH. The extinction ratios of the detected spectra also vary 

with the humidity. The relationship between the spectral extinction ratio and the 

humidity is shown in the lower section of Fig. 3.17.  

The results of the humidity test showed that RH levels below 89.5% have a very small 

impact on the performance of the OMC (in a constant temperature condition). RH levels 

higher than 89.5% can introduce large spectral shifts and in turn large measurement 

errors. The shifts were found to be nonreversible during the experiment. This 

nonreversible spectral shifts could be a result of the failure of the sensor due to (1) the 

formation of dew on the OMC surface [135] and (2) humidity accelerated surface 

degradation as explained in the first paragraph in this section[136].  

It should be noted that the formation of dew is a combined effect of humidity and 

temperature. In this experiment, temperature was kept constant so dew could only form 

at very high humidity levels. If the sensor operates in an environment with variable 

temperature, dew can form at relatively low humidity levels. Similarly the humidity 

induced degradation of the microfibre surface is also more pronounced in a high 

temperature environment.  
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Figure 3.17: Spectral dip wavelength vs. RH (upper section) and spectral extinction ratio 

vs. RH (lower section).  

 



Chapter 3 Optical Microfibre Couplers for Sensing 

 

48 

48 

3.7 A novel humidity sensor based on a polyethylene oxide 

coated OMC structure 

In the previous section, it was shown that changing humidity can cause a large spectral 

shift, particularly at high humidity levels with dew formation, for an OMC based sensor. 

However with the aid of a humidity sensitive coating, where the RI of the coating is a 

function of the local humidity level, an OMC based humidity sensor can be developed. A 

wide variety of applications such as healthcare, agriculture, food processing and 

meteorology require fast and accurate measurement of humidity. Conventional 

techniques for measuring humidity include mechanical hygrometers, chilled mirror 

hygrometers, wet and dry bulb psychrometers and infrared optical absorption 

hygrometers [137]. Each of the techniques shows advantages and can be used for 

humidity measurements in certain applications. However none of them can provide a 

comprehensive solution with fast response and compact size, coupled to the potential 

for low sensor cost. Optical fibres present a new versatile platform for humidity sensing 

to meet the standards.  

3.7.1 Principles of operation  

In general, optical fibre based humidity sensors require a means by which the 

evanescent field at the core of the fibre is influenced in a measurable way by changes in 

the surrounding water vapour level. There are two prerequisites for this: 

� Gaining access to the evanescent field at the core. For this, fibre cladding can be 

removed using conventional methods such as either chemical etching or physical 

polishing. However residual surface roughness can be a problem with these 

techniques so using tapered optical microfibres is a better approach to gain access to 

the evanescent field. A number of humidity sensors have been proposed using 

various structures based on tapered optical fibres or microfibres [138] [139] [140]. 

OMC was shown, in Section 3.2, to be a simpler structure to provide highly efficient 

interactions between evanescent field and surrounding environment which makes it 

a potential candidate for developing humidity sensors. 

� Converting a humidity change to a RI change at the fibre surface. Most often this 

is achieved with the aid of a humidity sensitive coating, where the coating RI is a 
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function of the local humidity level. Many humidity sensitive polymer coatings have 

been used to develop optical fibre humidity sensors. Among them, Polyethylene oxide 

(PEO) is well-known as a strongly hydrophilic material and it has been proved that 

the RI of a thin PEO layer can be modified by water vapour by a number of authors, 

such as [141][142][143]. PEO has high adhesion on silica surfaces [144] and thus can 

be easily coated on optical fibres for sensor development. 

The following subsections demonstrate a novel humidity sensor based on such a 

configuration.  

3.7.2 Sensor fabrication 

An OMC was first fabricated using the same fibre tapering setup and method as 

demonstrated in Chapter 2. The fabricated OMC had a total length of 25 mm which 

included a 3 mm long uniform waist region in the center and two 11 mm long transition 

regions at each end. The OMC was weakly fused since weakly fused couplers are more 

sensitive to environmental RI changes than strongly fused couplers [10]. The waist 

diameter was approximately 4 µm for each fused fibre which was wider than the OMC 

samples used in the RI sensing experiment. This slightly thicker OMC was used in this 

work for the following reasons. Based on the results of preliminary experiments it was 

established that application of the PEO coating on the OMC surface tends to significantly 

decrease the FSRs of the OMC spectrum. Thicker OMCs which exhibit transmission 

spectra with larger FSR can compensate for this reduction in FSR and produce spectra 

with suitable FSR values after being coated with PEO. Two identical OMC samples 

(referred to as sample 1 and sample 2) were fabricated for humidity sensing 

experiments to demonstrate the feasibility and repeatability of the sensor. 

The PEO coating process can be described as follows. The OMC samples were kept in 

place on the fabrication setup when the fabrication process ended. A glass slide was 

fixed on a vertical translation stage and placed below the OMC. A few drops of PEO 

(Sigma Aldrich) in water solution (1 wt %) were placed on the glass slide which was 

slowly moved up to allow the OMC to be fully immersed in the PEO solution. The OMC 

was immersed in the PEO solution for 20 seconds and then the PEO solution was 

removed from the OMC by lowering the vertical translation stage. A thin layer of PEO 

was thus deposited on the surface of the coupler and formed a configuration as shown in 
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Fig. 3.18. The PEO coated OMC was then fixed on to a second glass slide in the same way 

as illustrated previously in Fig. 3.14.  

 

Figure 3.18: Schematic diagram of the humidity sensor configuration showing a weakly 

fused OMC coated with a layer of PEO.   

The sample was kept overnight at room temperature to allow the PEO coating to 

partially dehydrate and reach a hydration equilibrium with the ambient room humidity.  

The transmission spectra of the OMC before and after it was coated with PEO were 

measured and are shown in Fig. 3.19. The OMC with the PEO coating shows a 

transmission spectrum with significantly smaller FSRs and extinction ratios compared 

with the bare OMC due to the change of the RI profile around the OMC. 
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Figure 3.19: Transmission spectra of the OMC before and after its coating with PEO. 

3.7.3 Humidity sensing experiment, results and discussion  

The same controlled environment chamber as the one used in section 3.6 was used to 

create an environment with controllable RH values while maintaining a stable 

temperature. The sensor was placed inside the chamber. Light from a broadband source 

(BBS) (SLD 6593, Covega) was launched into the input port of the OMC. The output 
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signal from the coupled port was detected using an optical spectrum analyzer (OSA) 

(Q8384, Advantest). Using the environment chamber the RH was changed for a range of 

values from 25% to 85% and the corresponding transmission spectra were recorded. In 

order to gauge repeatability the experiment was repeated with sample 2 which had the 

same dimensions as sample 1. The temperature inside the chamber was kept constant at 

approximately 24±1 °C during the experiments.  

Figure 3.20 shows the results obtained in the humidity sensing experiment. As the RH 

inside the chamber increases the PEO coating absorbs water molecules and its RI 

decreases. The decrease in the RI of the PEO coating changes the coupling coefficient of 

the OMC and as a result modifies the spectral response. Figure 3.20 (a) shows the 

examples of the transmission spectra of sample 1 when the RH is 73.3%, 76.4% and 

77.8%. One can see that the resonance dip wavelength experiences a redshift as the RH 

increases. The dip wavelengths for various RH values ranging from 25% to 85% were 

measured and the relationships between the RH and the dip wavelength for sample 1 

and sample 2 are shown in Fig. 3.20 (b).  
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Figure 3.20: (a) Examples of spectral responses of the sensor (sample 1) when the 

environmental RH is 73.3%, 76.4% and 77.8%.  The resonance wavelength shifts to the 

longer wavelength range as the humidity increases. (b) Resonance wavelength vs. RH for 

the two samples. 

The results for both samples show similar RH responses. Both samples demonstrate two 

humidity sensing regimes throughout the entire RH range (25%–85%). For the RH range 

from 25% to 70%, the sensor is relatively insensitive. Small linear blueshifts in the dip 

wavelength were observed with a sensitivity of -0.095 nm/%RH for sample 1 and -0.005 

nm/%RH for sample 2. Once the RH increases over 70%, relatively large redshifts in the 
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resonance wavelength occur. The RH and the resonance wavelength also show linear 

correlation with a sensitivity of 1.71 nm/%RH for sample 1 and 2.74 nm/%RH for 

sample 2. The discrepancy in the results between the two samples is most likely caused 

by small physical fabrication differences between the two samples which mainly 

originated from the difficulty in controlling the thickness and uniformity of the coated 

PEO layer. During experiments, the developed OMC based humidity sensor showed the 

same or an even faster response than the environment chamber. Therefore the response 

time of the sensor could not be studied using the same setup. Instead, the response time 

can be studied by applying a step change in humidity to the sensor with the aid of, for 

example, human breath exhales. This study of response time requires more investigation.                

The difference in the response between the low RH range (25%–70%) and the high RH 

range (70%–85%) arises because PEO undergoes a phase change from a semi-

crystalline to a gel state around 80% RH. The RI of the PEO coating decreases drastically 

at this phase-transition RH point due to the reduction in the density of the PEO because 

of an increase in swelling as its water content increases [141]. As a result the sensor 

showed a high sensitivity in the humidity range which lies above the phase transition RH 

point.   

It is likely that the small blueshift in the low RH range (25%–70%) was a combined 

result of the RH increase and minute temperature variations. Finally it should be noted 

that the increase of RH was limited to 85% since higher RH may cause irreversible 

changes in the PEO coating and render the sensor unusable. However in summary both 

samples show that the PEO coated OMC proposed here works best as a humidity sensor 

to detect RH with a high sensitivity of circa 2.23 nm/%RH and a linear response for an 

RH range from 70% to 85%. This sensitivity is higher than those of other optical fibre 

based humidity sensors proposed in works such as [142][145] [146][147][148].  

3.8 Conclusions 

An OMC based RI sensor was demonstrated and the sensor achieved an average 

sensitivity of 2737 nm/RIU with a maximum sensitivity of 4155 nm/RIU at a RI value of 

1.334. Both the theoretical and experimental results indicated that the OMC structure 

can work as a refractometer with a high sensitivity. The results also indicated that it is 
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possible to develop a wide range of fibre optic sensors using the OMC structure. Given 

that the demonstrated OMC based RI sensor showed the highest sensitivity in the range 

of RIs 1.334–1.335, such a sensor should be particularly suited for biosensing 

applications as many biological solvents and measurands have RIs in this range. The 

polarization dependence of the transmission spectra of an OMC was then investigated. 

The experimental results showed that the transmission spectra of an OMC can be 

substantially affected by the polarization states of the input light. This suggests that it is 

feasible to develop OMC based sensors in a wavelength domain with appropriate 

polarization control of the input light. The temperature and humidity dependencies of 

the OMC were also investigated. The OMC showed a picometre-scale linear temperature 

dependency which indicated a limited impact of temperature variations on the RI 

measurements at room temperature. Studies of the humidity dependence of the OMC 

showed that high humidity levels and the consequent dew formation on the OMC surface 

could result in a large RI measurement error.  

A novel OMC based humidity sensor with the aid of humidity sensitive PEO coating was 

proposed and investigated. Experimental results showed that the sensor could detect RH 

changes in the range from 70% to 85%.  A high sensitivity of 2.23 nm/%RH on average 

was achieved in the above RH range. The sensor has advantages of high sensitivity, 

compact size and ease of fabrication. Further investigation is needed to improve the 

performance of the sensor by optimizing the thickness of the PEO coating and 

incorporating different humidity sensitive coatings, to suit different humidity ranges. 

 



Chapter 4 Optical Microfibre Coupler Based Biosensor 

 

54 

54 

Chapter 4 

An Optical Microfibre Coupler Based 

Biosensor  

OMCs can provide higher overall sensitivities than conventional fused couplers. As an 

example temperature sensors [11][102] and a micro-force sensor [104] have recently 

been developed based on OMC structures. Biosensors using OMC structures targeted at 

micro or nano scale entities such as biomolecules and chemical compounds have also 

attracted researchers’ attention [149] given the high sensitivity OMCs can provide as 

sensors. However, as a newly developed structure, no experimental results have been 

presented to date to demonstrate the performance of such an OMC based biosensor. This 

points to strong research potential and hence justification for experimentally developing 

biosensors using OMCs which the research in this chapter focuses on.  

A biosensor is an integrated device which is capable of providing selective quantitative 

or semi-quantitative analytical information of a target analyte using a biological 

recognition element [150]. The biological recognition element is called a “receptor”. The 

target analytes could be bioparticles such as DNA, proteins, bacteria, etc. Among various 

biosensing regimes, immunosensors which measure the presence or the 

concentration of a molecule in a solution through the use of an antibody as the receptor 

are of particular interest in this research. Antibodies are proteins produced by plasma 

cells that act as an immunological response to identify and neutralize foreign objects 

such as bacteria and viruses. Antibodies work by recognizing a unique part of the foreign 

objects which is called an antigen. Immunosensors rely on this inherent ability of an 

antibody to bind to the specific antigen which is similar to a “lock and key” mechanism. 

Immunosensors are in great demand in hospital testing, life science research and 
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industry. Examples include clinical diagnostics, environmental control and quality 

control of food [151][152].   

Given the advantages of optical fibre based sensors, such as compact size, high 

resolution, immunity to electromagnetic interference and the potential for remote 

operation, several fibre optic immunosensors have previously been developed 

[153][154][155]. However, the majority of the described sensors require the use of a 

label which is a molecule (e.g. a fluorophore) chemically attached to aid in the detection 

of a target analyte. The process of labelling can significantly increase complexity thus 

label-free detections which do not involve such a labelling process are preferable in 

many applications. Several label-free immunosensors have recently been demonstrated 

which consist of simple structures based on nonadiabatic tapered optical fibres 

[156][157]. Such sensors utilize the evanescent field of the tapered fibre region to 

enhance the light-biomaterial interaction for biosensing applications. Apart from 

nonadiabatic tapered fibre structure, a biosensor based on a conventional fused fibre 

coupler was also proposed by Tazawa et al. in 2007 [101]. In that work the authors 

demonstrated protein detection by the fibre coupler utilizing an avidin-biotin 

interaction.  

It was previously shown in Chapter 3 that a change in the surrounding RI can strongly 

influence the OMC transmission spectrum. This points to a possible approach to 

implement an immunosensor using such an OMC. If a specific antigen is to be sensed or 

detected, this will be possible if the presence of this antigen in the environment 

surrounding the OMC alters the RI surrounding the OMC. It is known that antibody-

antigen binding can alter local RI [158] and furthermore because binding can take place 

only for certain antibody-antigen pairing, it is possible to introduce selectivity into the 

detection of an antigen, by the appropriate selection of an antibody as a so called 

"receptor" for the antigen.  Thus to create an immunosensor, one approach is to arrange 

for specific antibodies to adhere to the OMC surface due to physical adsorption on the 

fibre surface, sometimes referred to as "immobilization" of the antibody. The presence 

of the antibodies allows for the binding of the corresponding antigen and when the 

specific binding between the antibody and the antigen occurs, the surface RI of the OMC 

is increased and thus detectable peak wavelength shifts for the transmission spectra 

occur.  
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In the experiment demonstrated in this chapter, fibrinogen antigen-antibody pair (so 

called fibrinogen and anti-fibrinogen) was used as the biosensing element to evaluate 

the immunosensing performance of the OMC. Fibrinogen is a type of protein that is 

converted by thrombin through binding with blood platelets in the process of 

coagulation. Fibrinogen has the advantage that it adheres strongly to silica surfaces 

[159], and so the need for OMC surface treatment to promote adhesion is avoided with 

fibrinogen immobilization. For this reason, fibrinogen was used as the receptor to detect 

anti-fibrinogen for the demonstration of the principle and operation of the 

immunosensor described here. 

A particular challenge in biosensing compared to traditional OMC sensors, such as 

temperature sensors, is that the sensing process will involve several stages of processing 

using liquids. Furthermore in biosensing a frequent imperative is that the volume of 

material or liquid available may be very small (less than a millilitre). For this reason 

some means to package an OMC sensor in a surrounding structure is needed to minimize 

the amount of the liquid analytes needed, with the added advantage of providing greater 

mechanical stability.   

Thus in this chapter, an OMC packaging method to improve the performance of the 

sensing setup is first demonstrated. The performance of the packaged OMC in terms of 

measurement stability and RI sensitivity is presented and compared with that of the 

freestanding OMC demonstrated in Chapter 3. Then the capability of the packaged OMC 

structure to detect thin molecular layers which are deposited onto the OMC surface is 

demonstrated as a precursor to the biosensing experiment. Finally, the capability of the 

packaged OMC to detect specific binding between fibrinogen and anti-fibrinogen is 

presented. Preliminary results on using the sensor to detect human IgG which is more 

relevant to clinical diagnostics are also presented.  

4.1 Packaging an OMC as a preparation for biosensing  

A free standing OMC suffers from poor mechanical stability and therefore can be easily 

affected by environmental influences such as airflow. Necessary experimental processes, 

such as the application of a liquid onto the surface of the OMC can also disturb the OMC 

and result in large measurement errors or lack of repeatability. A stable sensing system 
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is essential in order to achieve accurate sensing results. Thus to improve the system 

stability during measurements, the OMC was packaged in a surrounding structure using 

a low RI UV curable polymer (Efiron UVF PC363, Luvantix). The OMC for the biosensing 

experiment was fabricated using the same setup and method as demonstrated in Section 

2.1.2 and Section 3.2. The fabricated OMC sample had a 3–4 mm long uniform waist 

region and two 13 mm long transition regions on each side. The OMC was weakly fused 

and the minimum tapered diameter of each fibre was approximately 2 µm. 

The polymer packaging technique was similar to that demonstrated in [160][161] with 

modifications for sensing applications. Briefly, as shown in Fig. 4.1 (a), a microscope 

slide was first covered with a thin layer of the UV curable polymer. Then two blocks of 

PDMS were fixed in place in parallel on the polymer surface to create an open-top 

channel, approximately 3 mm wide. The fabricated OMC was placed into the channel in 

such a way that the bottom of the coupler adhered to the polymer surface while the rest 

of the coupler remained exposed to the local environment. Then several drops of the 

viscous UV curable Efiron polymer were used to seal the two ends of the channel and 

also to fix the coupler in place. A 20 mm long section in the center of the channel was left 

uncovered as a sensing window for the biosensing experiments. Then the entire device 

was cured under UV radiation (CS2010 UV curing LED system, Thorlabs) for 30 seconds. 

The RI of the cured polymer is approximately 1.36, considerably less than that of silica to 

ensure low loss.  
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       (a)                                                                                                     (b) 

Figure 4.1: (a) Schematic diagram of a packaged OMC. The uncovered area in the center 

works as a sensing window. (b) Transmission spectra of an OMC before and after 

packaging. 

During the biosensing experiment, the liquid analyte was placed in and removed from 

the channel using a pipette. The amount of liquid required is circa 0.2 ml. Examples of 
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the transmission spectra of an OMC before and after packaging are shown in Fig. 4.1 (b). 

A large amplitude wavelength shift occurred as the result of the change in the 

surrounding RI profile induced by the packaging polymer. This shift was expected as it 

had been previously mentioned in the work described in [161]. A slight decrease in the 

FSR was also observed. 

4.1.1 System stability  

The stability of the packaged OMC sensor was tested before conducting the experiment. 

A small amount of deionized water (circa 0.2 ml) was placed in the sensing window to 

fully cover the OMC. The transmission spectrum was recorded. The water was then 

removed and replaced with another 0.2 ml water sample. The transmission spectrum 

was recorded again. This procedure was repeated 12 times at room temperature to 

gauge the effectiveness of the polymer structure in providing greater mechanical 

stability and thus improving repeatability. Changes in the wavelength of the spectral 

peak are shown in Fig. 4.2. The inset shows an enlarged section of the original recorded 

transmission spectra overlayed on each other. For an average value of the dip 

wavelength of 1561.08 nm, a shift of ±0.08 nm was observed during the test indicating 

good stability and repeatability in measurements for the packaged OMC.   

 

Figure 4.2: Dip wavelength shifts and transmission spectra (inset) recorded during the 

stability test by repeatedly immersing the OMC sample in and then removing the water 

sample for 12 times.  
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4.1.2 RI response  

The sensing performance of a packaged OMC might vary from that for a free standing 

one, so to gain a better understanding of the influence of the packaging process on the RI 

sensitivity of an OMC, the response of a packaged OMC to changes in the surrounding RI 

was tested. The experimental procedure was similar to that of the RI sensing experiment 

demonstrated in Chapter 3. Dimethyl sulfoxide in water solutions with a series of 

calibrated RIs were placed into the sensing window one after another and the 

transmission spectra were recorded. Figure 4.3 (a) shows the RI sensing results. The 

spectral dip shifts exhibit good linearity with a linear coefficient of -0.9996 as the RI 

changes. The sensitivity is 1837.5 nm/RIU which is lower than the average sensitivity 

2723nm/RIU of the free standing OMC demonstrated in Chapter 3. This decrease in 

sensitivity can be caused by the fact that Efiron polymer reduces the surface contact 

area of the sensor. Indeed for a packaged OMC, the bottom of the coupler is in direct 

contact with the Efiron polymer substrate and parts of the transition regions are 

completely covered by the polymer. Thus such a packaging configuration reduces the 

contact area between the OMC and the local RI solutions and thus results in a decreased 

sensitivity.  
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Figure 4.3: (a) Wavelength shift of the selected spectral peak vs. RI change for the 

packaged sensor. (b) Error comparison between the RI sensing results for the 

freestanding OMC and the packaged OMC. 

However by comparing the residual (or fitting error) of the measured results for the 

packaged OMC with those of the freestanding one demonstrated in Section 3.5, as shown 

in Fig. 4.3 (b) (with the results for the freestanding case drawn from Fig. 3.12 (b)), it is 
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clear that the residual is much smaller for the packaged OMC which is evidence that the 

system stability of an OMC based sensor is significantly improved using the packaging 

process. 

4.2 Detection of polyelectrolyte multilayer films 

In order to further test the feasibility of the packaged OMC structure to work as a 

biosensor, the capability of the packaged OMC to detect thin molecular layers that are 

deposited onto the OMC surface was tested. If the OMC is able to detect RI changes that 

occur within a few nanometres distance from its surface, the capability of the OMC to 

work as a biosensor to detect biomolecules with typical sizes of 5–30 nm can be 

confirmed. This test was performed by depositing polyelectrolyte multilayers (PEM) on 

the OMC surface using a layer-by-layer self assembly technique [162].  

Polyelectrolytes are polymer chains which have charged groups attached to the 

repeated units. The molecules of a water soluble synthetic polyelectrolyte such as PAH 

and PSS dissociate and break into polymer chains and counterions. When a substrate is 

immersed into an oppositely charged polyelectrolyte solution, the polyelectrolyte chains 

will adsorb onto the surface and rearrange to form a diffusive monolayer. By immersing 

the substrate into an oppositely charged polyelectrolyte solution, the subsequent 

polyelectrolyte will adsorb on top of the previous polyelectrolyte due to the electrostatic 

interactions between the polycations and the polyanions [163]. Unlimited layers of 

polyelectrolytes can be deposited on the substrate’s surface by repeating the same 

process. 

In this experiment, alternate layers of poly (allylamine hydrochloride) (PAH) (cationic) 

and poly (styrene sulfonate) (PSS) (anionic) were deposited on the OMC surface from 

their water solutions. The structural formulae of PAH and PSS are shown in Fig. 4.4.  

PAH                           PSS     

Figure 4.4: Structural formulae of PAH and PSS. 
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By sequentially depositing the alternately charged PAH and PSS solutions on the surface 

of the packaged OMC and with a rinse step in between, progressively thicker polymer 

films can be formed on the OMC surface[164]. The deposition details are as follows (as 

shown in Fig. 4.5 (a)). Water was placed into the sensing window using a pipette and a 

baseline spectrum was measured. The water was then removed and replaced with a PAH 

solution. The PAH was deposited first because silica surfaces are slightly negatively 

charged under a neutral pH [165]. Thus when solutions which contain positively 

charged molecules are in contact with the silica surface, the molecules are attracted to 

the surface and form a diffuse molecular layer. The PAH solution was then left to settle 

for 15 minutes so the PAH molecules could be immobilized onto the OMC surface. The 

PAH solution was then rinsed and replaced with water to return the liquid environment 

to the baseline level. Another spectrum measurement was then taken. The process was 

repeated with the PSS solution to deposit the negatively charged PSS molecules on top of 

the previously formed PAH layer. Both the PAH and the PSS solutions had a 

concentration of 5.5 mg/ml. By repeating the same procedure, PEM can be deposited on 

the OMC surface. The configuration of the deposited PEM is shown schematically in Fig. 

4.5 (b). The thickness of the deposited PEM film can be affected by various factors such 

as the pH of the solutions and the solvent salt concentration. Typical thickness for a 

PAH/PSS bilayer assembled at pH 7 is circa 3 nm [166]. 

 

(a) 

 

(b) 

Figure 4.5: Schematic showing (a) the deposition process and (b) the configuration of the 

PEM formed by layer-by-layer assembly of positively charged PAH and negatively 

charged PSS. 
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Figure 4.6 (a) presents the transmission spectra as various layers of PAH/PSS bilayer 

were deposited. The spectra show sharp peaks and large extinction ratios of more than 

30 dB. Blueshifts are detected corresponding to the formation of each subsequent 

PAH/PSS bilayer on the OMC surface. The relationship between the spectral shift and the 

number of the PAH/PSS bilayers is shown in Fig. 4.6 (b). The solid line in the figure is the 

polynomial fit of the experimental result. An average shift value of 6.24 nm is achieved 

for each bilayer. Given the typical thickness of a PAH/PSS bilayer of 3 nm [166], the 

packaged OMC shows a spectral shift of circa 2 nm for every 1 nm thickness of a 

molecular layer adsorbed on to the OMC surface.  
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Figure 4.6: (a) Examples of the spectra corresponding to subsequent deposition of three 

PAH/PSS bilayers on the OMC surface. (b) Spectral peak wavelength vs. number of 

deposited PAH/PSS bilayers.  

4.3 An OMC based immunosensor  

Fibrinogen is a type of protein that is converted by thrombin through binding with 

platelet in the process of blood coagulation. Fibrinogen is an elongated flexible molecule 

with a center and 2 identical symmetrical distal regions at its ends [167]. The total 

length of a fibrinogen molecule is 47.5 ± 2.5 nm. The diameters of the distal regions are 

in the range of 5 to 7 nm [168]. Due to its particular molecular structure, fibrinogen is 

flexible and highly adhesive to silica surfaces [169]. As a result, the need for OMC surface 

treatment to promote protein adhesion is avoided with fibrinogen immobilization. For 

this reason, fibrinogen was used as the receptor and anti-fibrinogen was used as the 

analyte to demonstrate the principle and operation of the proposed immunosensor.  
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4.3.1 Fibrinogen immobilization 

An OMC was first fabricated using the same method as previously demonstrated. The 

fabricated OMC had a 3–4 mm long uniform waist region and two 13 mm long transition 

regions on each side. The OMC was weakly fused and the minimum tapered diameter of 

each fibre was approximately 2 μm. Then the OMC was packaged using the method 

described in Section 4.1.  

The human fibrinogen used in the experiments (95% clottable and plasminogen 

depleted) was purchased from Calbiochem, Merck KGaA. Before immobilizing the 

fibrinogen, a baseline spectrum of the OMC was measured. For this, the OMC sensing 

window was fully covered with 0.2 ml phosphate-buffered saline (PBS) and the 

transmission spectrum was recorded as the baseline and then the PBS was removed. 

Finally the fibrinogen was immobilized on the surface of the sensing region of the 

packaged OMC. This was achieved using a fibrinogen solution in a PBS buffer (0.2 ml, 

100 µg/ml). The solution was left to settle for 20 minutes so the fibrinogen molecules 

could fully adsorb onto the bare OMC fibre surface. In order to measure the changes 

caused by the immobilized fibrinogen only, the sensing window was then rinsed with 

the PBS buffer several times. The rinse step returned the liquid environment to the 

baseline level and also removed any loosely bound fibrinogen.  

Figure 4.7 (a) schematically illustrates the fibrinogen immobilization on the OMC surface. 

Figure 4.7 (b) gives a typical example of the transmission spectrum evolution during the 

fibrinogen immobilization. The evolution in time of the wavelength dip caused by 

fibrinogen immobilization is also shown in Fig. 4.7 (c). A rapid spectral blueshift occurs 

in the first 5 minutes, followed by a much slower shift. The shift reaches a plateau within 

20 minutes which indicates that the OMC surface has been fully occupied by the 

fibrinogen molecules. A total blueshift of 13.6 nm was observed for the entire 

immobilization process.  
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       (b)                                                                                           (c) 

Figure 4.7: (a) Schematic diagram of fibrinogen immobilization on the OMC surface. (b) 

Spectral response during the first 5 min of the fibrinogen immobilization. (c) Time 

dependent wavelength shift for the fibrinogen immobilization. 

For the 15 samples studied, the fibrinogen immobilization caused an average blueshift of 

12.22 nm with a standard deviation of 1.51 nm, as shown in the lower section of Fig. 4.8. 

The discrepancy in the fibrinogen immobilization among the samples was believed to 

mainly result from the limited precision in the OMC fabrication. For example, the 

tapered diameter and the coupling length for each OMC sample may vary. This is 

suggested by the variation in the FSR among the fabricated samples, as shown in the 

upper section of Fig. 4.8. Based on the experience in OMC characterization acquired in 

this research, even very small variations in the OMC diameters and coupling lengths can 

lead to relatively substantial variations in the spectral FSR and in the relationship 

between wavelength shift and local RI change 
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Figure 4.8: Spectral differences observed for the 15 studied OMC samples during the 

fibrinogen immobilization. 
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4.3.2 Anti-fibrinogen detection 

Fibrinogen was used as the recognition element (receptor) to detect anti-fibrinogen as 

mentioned previously. Once the fibrinogen was immobilized on the OMC surface, rabbit 

anti-fibrinogen solution (Calbiochem, Merck, KGaA) in a PBS buffer (0.2 ml, 100 µg/ml) 

was applied to the sensor. The anti-fibrinogen solution was left to settle for 60 min and 

the measurement was taken during the binding and after the rinse step. In order to 

verify the selectivity of the sensor for anti-fibrinogen among unspecific antibodies, a 

negative control was performed using Immunoglobulin G antibody (goat anti-human IgG, 

Sigma Aldrich). The control was performed with the same procedure above using an 

anti-IgG solution in PBS buffer (0.2 ml, 100 µg/ml).  

Figure 4.9 (a) schematically illustrates the anti-fibrinogen binding with the immobilized 

fibrinogen. The typical behaviour of the sensor in distinguishing between the anti-

fibrinogen and the anti-IgG is shown in Fig. 4.9 (b) and (c).  
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Figure 4.9: (a) Schematic diagram showing anti-fibrinogen binding with fibrinogen. Dip 

wavelength shift with time for (b) anti-fibrinogen binding experiment and (c) anti-IgG 

control experiment.  

The binding between the anti-fibrinogen and the fibrinogen occurs gradually over a 

period of 60 minutes. After this period, a PBS rinse is used to remove any loose anti-

Fibrinogen immobilized Anti-fibrinogen bound 
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fibrinogen, the presence of which might impact on the measured shift. Following the 

rinse, the total blueshift caused by the bound layer of anti-fibrinogen molecules was 

mesasured as 10.35 nm. In comparison, the anti-IgG control caused a post-rinse 0.45 nm 

redshift over the same length of time. This is because the fibrinogen does not specifically 

interact with the anti-IgG and thus the anti-IgG can not be captured by fibrinogen. The 

significant difference between the two results in spectral shift indicates that the sensor 

is capable of distinguishing between specific anti-fibrinogen and non-specific anti-IgG. 

The relatively small redshift caused by the anti-IgG is most likely a result of 

measurement error. It should be noted that although it took over 60 minutes for the 

sensor to reach a plateau when detecting anti-fibrinogen, the sensor started to show a 

significant shifts of over 1.5 nm within the first five minutes of reaction.  

The sequence of experimental steps above is summarized in Fig. 4.10. This sequence was 

repeated using anti-fibrinogen solutions with various concentrations ranging from 

25µg/ml to 100 µg/ml. Since the binding of fibrinogen is nonreversible and the cost of 

fabricating new sensors is low, for each concentration the starting point was a new OMC. 

The concentration of the fibrinogen solution used with each OMC remained constant at 

100 µg/ml.  

 

(a)                                                                                               (b) 

Figure 4.10: Diagrams showing the experimental steps for conducting (a) anti-fibrinogen 

detection and (b) anti-IgG control experiments respectively. 
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The anti-fibrinogen sensing results are shown in Fig. 4.11. The detected signal increases 

with the increasing concentration of the anti-fibrinogen solution. This indicates that the 

detected signal for the sensor increases with the amount of the anti-fibrinogen present 

in the system. The results for the control anti-IgG are consistent and demonstrate the 

selectivity of the sensor between the specific and the non-specific analytes. In order to 

gauge reproducibility, the experiment was repeated three times for each concentration, 

as mentioned previously each repetition was of necessity performed on a newly 

fabricated sensor. The control experiment with anti-IgG was also repeated several times. 

In Fig. 4.11 the solid line is the polynomial fitting of the mean of the anti-fibrinogen 

detection results. 
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Figure 4.11: Variations in the spectral shift caused by anti-fibrinogen with the anti-

fibrinogen solution concentrations (25 μg/ml, 50 μg/ml, 75 μg/ml and 100 μg/ml). The 

experiment was repeated 3 times for each concentration. All the repetitions were 

performed individually on newly fabricated sensors. The solid line is the polynomial 

fitting of the mean of the anti-fibrinogen detection results.  

By taking a slope of the fitted curve, the sensitivity of the sensor for detecting anti-

fibrinogen with a concentration of 25 μg/ml is calculated to be approximately 0.14 nm•

ml/μg. The error bars in Fig 4.11 represent the standard deviation of the repeated 

measurement results at each concentration and confirm the repeatbility of the sensor. 

The most likely reason for the errors are small physical differences among the OMC 

samples, as previously mentioned in relation to Fig. 4.8. Temperature fluctuations may 

also be a contributing factor. The mechanisms behind the protein adsorption and 

binding regimes are beyond the scope of this thesis. 
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Finally it is worth mentioning that in the experiment above, an OSA was used to measure 

wavelength shift, but in a practical sensor system the use of an OSA would add 

considerable expense to the overall system. In order to reduce the cost of the 

interrogation system, the sensor can also be operated in an intensity domain at a fixed 

wavelength. For this, the BBS and the OSA can be replaced with a laser diode, an edge 

filter and a photodiode based optical power meter [170]. As an example of intensity 

domain operation, Figure 4.12 shows the transmission spectra and the corresponding 

output power variation for a studied sample to detect the specific binding between 

fibrinogen and anti-fibrinogen (with a concentration of 50 μg/ml).  
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Figure 4.12: Transmission spectra and corresponding power variation with an edge filter 

(red dashed line) before and after anti-fibrinogen (50μg/ml) binding with fibrinogen for 

a studied sample.  

Given a 0 dBm input power, the detected output power for the sensor (with fibrinogen 

immobilized) is -32.4 dBm at a 1570 nm wavelength. After the anti-fibrinogen binding 

step, the detected output power along the edge filter (red dashed line) is -14.4 dBm at 

1566 nm wavelength which is 18.0 dB larger than the sensor’s initial output power. This 

difference in the detected output power confirms that the sensor has the capability to 

work in the intensity domain with a non-OSA based interrogation system, based on a 

low cost edge filter. 
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4.4 An immunosensor for detecting IgG 

The capability of the packaged OMC to work as an immunosensor using fibrinogen and 

anti-fibrinogen was demonstrated in the last section. However while the use of a 

fibrinogen antibody-antigen pairing is useful to determine if the sensor works, in 

practice the detection of anti-fibrinogen lacks clinical relevance in real applications. 

Thus in this section proof-of-principle results on the sensor’s performance in detecting 

more clinically relevant IgG are demonstrated.  IgG is the most abundant type of 

antibody found in all human body fluids and protects against bacterial and viral 

infections. Detecting the presence and the level of IgG in human blood can be used to 

help diagnose a wide variety of diseases and immunodeficiencies. 

Human IgG is a type of antibody. When injecting human IgG into a host of a different 

species, such as goat or rabbit, human IgG works as an antigen to trigger the immune 

system of the host animal to generate anti-human IgG which is a type of secondary 

antibody. Thus human IgG can be detected using anti-human IgG raised in animals based 

on the high affinity between the two. In this experiment, goat anti-human IgG (anti-IgG) 

(Fab specific, Sigma) was used as the receptor to detect human IgG (IgG) (Thermo 

Scientific Pierce).  

4.4.1 Sensor fabrication  

An OMC with the same geometry as the one used in Section 4.3 was fabricated using the 

same microheater brushing technique. The sensor preparation process was similar to 

the process demonstrated in Section 4.3.1. Before immobilizing the anti-IgG, the OMC 

was immersed in PBS and the transmission was recorded as a baseline spectrum. Then 

the PBS buffer was removed and replaced with the anti-IgG in a PBS solution (50 μg/ml). 

The solution was left to settle for 30 min for the anti-IgG to adsorb on the OMC surface. 

The sensing region was then rinsed with the PBS buffer. The transmission spectra before 

and after the anti-IgG immobilization are shown in Fig. 4.13, with a total blueshift of 7.2 

nm. The blueshift showed that the anti-IgG was immobilized on the OMC. 
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Figure 4.13: Transmission spectra before and after anti-IgG immobilization on the OMC 

surface. 

4.4.2 IgG detection  

In order to verify the selectivity of the sensor to IgG among other nonspecific proteins, a 

control step was performed using Protein A. Protein A in PBS solution with a 

concentration of 50 μg/ml was applied and left to settle for 30 min. A measurement was 

taken after rinsing the OMC with PBS. Following the Protein A control step and rinse, the 

IgG binding step was performed. The human IgG in PBS solution had the same 

concentration as that of the Protein A solution (50 μg/ml). The sensing results are 

shown in Fig. 4.14. 

 A small blueshift of 0.2 nm was observed after the Protein A control step. In comparison, 

the IgG binding step caused a large blueshift of 12.2 nm. The significant shift indicates 

that the specific binding between the IgG and the anti-IgG occurred and as a result the 

IgG formed another biomolecular layer on top of the anti-IgG layer. The small shift 

caused by the Protein A could be a result of measurement error or a small amount of 

Protein A molecules adsorbing on the unoccupied sites on the fibre surface. The 

significant difference in the spectral shifts indicates that the sensor was able to 

distinguish between the matched IgG and the un-matched Protein A in the wavelength 

domain.  
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Figure 4.14: Transmission spectra for Protein A control and IgG detection. The binding 

IgG and anti-IgG caused a blueshift of 12.2 nm while the Protein A control only caused a 

0.2 nm blueshift. 

While this experiment proves in principle that the more clinically relevant binding of IgG 

and anti-IgG can be detected, it is recognized that in practice further development of 

such a sensor would require functional coatings on the silica surface prior to anti-IgG 

immobilization. This is because the anti-IgG immobilization on silica is not stable [171] 

as in the fibrinogen case, due to the relatively weak physical adsorption known to exist 

between anti-IgG and a silica fibre surface. In practice the immobilization of anti-IgG 

could be improved by creating suitable functional groups on the OMC surface. For 

example, by adding silanol functional groups to the OMC surface through glass 

hydroxylation to assist anti-IgG immobilization. 

4.5 Conclusions 

The mechanical stability of an OMC based sensor was improved by packaging the OMC in 

a UV curable polymer with low RI. The sensitivity of the packaged OMC was lower than 

that of a freestanding one. However the stability during experiments was significantly 

improved. The capability of such a packaged OMC to detect surface deposited thin PEM 

films showed the feasibility of the OMC to work as a biosensor. A label-free 

immunosensor based on the packaged OMC structure was experimentally demonstrated 

using a fibrinogen antigen-antibody pair. The sensor was fabricated by immobilizing 

fibrinogen on the sensing surface of the packaged OMC. The performance of the sensor 

in identifying anti-fibrinogen in the wavelength domain was evaluated. Results showed 
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that the OMC based immunosensor is capable of detecting anti-fibrinogen and that the 

detected signal is proportional to the concentration of the anti-fibrinogen solution. For a 

more clinically relevant immunosensing application, an IgG sensor was developed by 

immobilizing anti-IgG on the surface of the OMC sensing region. In principle it was 

shown that the sensor could detect the specific binding between the anti-IgG and IgG. 

Given the advantages such as label-free detection, fast response relatively easy and low-

cost fabrication, an OMC based biosensor offers a reliable, compact, simple solution to 

the need for immunosensors. The binding between antibody and antigen is not 

reversible. Using tapered OMC to fabricate the immunosensor is very low cost and thus 

can support disposable applications of the sensor. 
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Chapter 5 

Optical Microfibre Sensors incorporating 

Gold-silver Alloy Nanoparticles 

For microfibres with diameters which are large compared with the wavelength of the 

transmitted light, only a small proportion of the light energy is present within the 

evanescent field, as explained in Chapter 2. Thus while a large diameter microfibre is 

more mechanically robust, the capability of such a microfibre to detect changes in the 

surrounding environment is limited, resulting in an undesirable tradeoff between 

mechanical stability and sensitivity for the sensor, as explained in Chapter 1. To mitigate 

this tradeoff, when the surface of a relatively wide diameter microfibre is coated with 

conductive nanoparticles, the electrons of the nanoparticles surrounded by the 

evanescent field can be excited into an oscillatory motion [172], as shown in Fig. 5.1. 

This electron oscillation results in an enhanced electromagnetic field at certain 

resonance wavelengths which are highly localized at the nanoparticle-environment 

interface. Such a collective electron oscillation on the surface of conductive 

nanoparticles caused by incident electromagnetic radiation is called localized surface 

plasmon resonance (LSPR).  

LSPR has the potential to deliver strong light-matter interaction. An LSPR field has a 

very high spatial resolution in that it exhibits a high intensity and this occurs over a very 

short decay distance for the resonance field. Typical decay distances of LSPR are within 

a range of 5–30 nm [173]. Light-environment interactions can be enhanced by coupling 

the light transmitted through a microfibre into the LSPR of the nanoparticles via the 

evanescent field of the microfibre. The intensity and frequency of the LSPR are highly 

dependent on factors such as the nanoparticles’ composition, size, shape, and the 
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dielectric properties of the medium [174]. Small changes occurring on the nanoparticles’ 

surface such as trapped biochemical molecules can interact with the LSPR and in turn 

efficiently modify the light transmission along the microfibre. Therefore a microfibre-

nanoparticle facilitated LSPR structure is a promising approach for developing sensors 

with improved sensitivity [175] which can mitigate the mechanical stability-sensitivity 

tradeoff discussed above.  

 

Figure 5.1: Schematic diagram showing nanoparticles deposited on the microfibre 

surface. The enlarged image shows that the evanescent field of the microfibre works as 

the source to generate LSPR on the nanoparticles’ surface. 

Nanoparticles made of noble metals such as gold or silver are often used to generate 

LSPR for sensing applications, but each material has different advantages and 

disadvantage. For example, silver has a larger magnitude for the real component of the 

dielectric function compared with gold. Thus a silver nanoparticle has more polarized 

charges when excited by incident light and shows stronger plasmon effects than a gold 

nanoparticle with the same geometry [15]. However silver nanoparticles are relatively 

cytotoxic with bio tissues and can be easily oxidized. Gold nanoparticles, on the other 

hand, are chemically stable and easy for biomolecules to immobilize with the help of  

surface functionalization [176]. To incorporate the advantages of both materials, gold-

silver (Au-Ag) alloy nanoparticles, which inherit properties from both gold and silver, 

can be used to develop highly effective LSPR sensors with improved performance and 

tunable physicochemical properties by controlling the Au-Ag composition ratio [177]. 

Much work has been published on the study of the optical and biological properties of 

Au-Ag alloy [178][179][180] or bimetallic Au-Ag shell structures [181][182][183]. 

However combining Au-Ag alloy nanoparticles with optical fibres to develop fibre optic 
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LSPR sensors have received little attention and only a small amount of work has been 

published [184][176]. In 2005, Sharma et al. [184] demonstrated the principle of a 

surface plasmon resonance (SPR) sensor by forming an Au-Ag nanoparticle film on the 

surface of a short section of an exposed fibre core. The performance of the proposed 

sensor with various Au-Ag compositions and the thicknesses of the nanoparticle film 

were also studied theoretically. In 2013, Tu et al. [176] experimentally demonstrated an 

optical fibre based LSPR sensor fabricated by immobilizing Au-Ag alloy nanoparticles on 

the surface of a cladding-removed optical fibre. In that paper, the effects of Au-Ag ratios 

and the sizes of the nanoparticles on the performance of the sensors in detecting local 

RIs were demonstrated.  

Tapered optical microfibres have many advantages (as explained in Chapter 1) over 

conventional mechanically polished or chemically etched optical fibres. Alloy 

nanoparticles have the advantage that they offer tunable physicochemical properties (as 

will be explained in the next section) over nanoparticles with a single composition. Thus 

a unique sensing configuration is possible by combining tapered optical microfibres 

with Au-Ag alloy nanoparticles which can combine the advantages of the two to develop 

sensing applications with improved biosensitivities, miniaturized sizes, ease of 

fabrication, ease of interconnection and tunable physicochemical properties.  

In this chapter, a sensor based on a tapered optical microfibre which incorporates Au-Ag 

alloy nanoparticles is experimentally demonstrated. The LSPR effects of the microfibre 

sensor incorporating Au-Ag nanoparticle with different alloy formulations are compared 

and analyzed. The performance of the sensor in detecting surrounding RI changes and 

adsorbed polyelectrolyte multilayers (PEM) is presented. A novel pH sensor based on a 

microfibre coated with a composite PEM-nanoparticle-PEM (PEM-NP-PEM) 

nanostructure is demonstrated.  

5.1 Fabrication of the LSPR based microfibre  sensor  

This section describes the fabrication process for a microfibre-nanoparticle based LSPR 

structure. The fabrication involves three steps: (1) nanoparticle synthesis; (2) 

microfibre fabrication and (3) nanoparticle immobilization on the microfibre surface. 
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5.1.1 Nanoparticle synthesis 

The alloy nanoparticles were fabricated using the method described in [10]. Taking as 

an example the synthesis of alloy nanoparticles which contain 50% gold and 50% silver 

(50%Au50%Ag) (as a molar ratio), the process is briefly as follows.  In a 250 ml round 

bottom flask, 95 ml of 0.126 mM gold(III) chloride trihydrate (HAuCl4, Sigma) (4.71 mg) 

and 0.127 mM silver nitrate (AgNO3, Sigma) (2.04 mg) was left to boil until reflux 

occurred with vigorous stirring. While in the reflux state, 5 ml of 34 mM sodium citrate 

tribasic dihydrate (HOC(COONa)(CH2COONa)2•2H2O, Sigma) (50 mg) was added and 

reflux was maintained for 15 minutes with vigorous stirring. After this, the colloidal 

solution, containing the synthesized nanoparticles, was left to cool down to room 

temperature. Subsequently, the colloidal solution was centrifuged at 233×g for 20 

minutes in order to remove any unwanted silver precipitate that may have formed.  

The synthesized nanoparticles were then coated with a layer of poly(ethylene oxide) 

(PEO) using the method described in [185] to increase the chemical stability of the 

nanoparticles. Briefly, 10 nM of the nanoparticles solution were mixed with 0.02 mg/ml 

of a commercial hetero-functional PEO (C15H32O7S, 356.48 Da, Sigma) in an aqueous 

solution of sodium dodecyl sulphate (SDS) (0.028%, Sigma). NaOH with a concentration 

of 25 mM was then added to the mixture. The mixture was incubated for 16 hours at 

room temperature. Excess PEO was removed by centrifugation (21.460 ×g, 30 minutes 

at 4 °C).  

Alloy nanoparticles with different Au-Ag formulations were prepared using the same 

method by using different ratios of HAuCl4 and AgNO3. The Au-Ag formulations were 

determined by inductively coupled plasma (ICP) and energy-dispersive X-ray 

spectroscopy (EDX). Au-Ag nanoparticles with three alloy formulations (25%Au75%Ag, 

50%Au50%Ag and 75%Au25%Ag) were synthesized for the later experiments. Figure 

5.2 shows photographs and the absorption spectra (normalized to the highest measured 

absorbance value among the three nanoparticle samples) of the synthesized alloy 

nanoparticle colloids. The spectra were measured using a UV-Vis spectrophotometer. 
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Figure 5.2: Photographs of the synthesized colloidal nanoparticles and their absorption 

spectra (normalized to 1). 

Figure 5.3 shows the transmission electron microscope (TEM) images of the fabricated 

alloy nanoparticles and their size distributions analyzed using ImageJ software. Alloy 

nanoparticles fabricated by the method described above vary in size. For example from 

Fig 5.3 (a) it is clear that for the 25%Au75%Ag case, there are a range of nanoparticle 

sizes. However between different alloy formulations the average nanoparticle size is 

reasonably similar (within circa 12% of each other). The effects associated with this 

difference in nanoparticle sizes as a function of alloy formulation are small compared 

with those caused by the difference in particle composition as discussed in [176] [186] 

and thus are not discussed further in this thesis.    

 

 

(a) 
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Figure 5.3: TEM images and size distributions of the nanoparticles with (a) 

25%Au75%Ag, (b) 50%Au50%Ag and (c) 75%Au25%Ag alloy formulations.  

5.1.2 Microfibre fabrication  

An optical microfibre with a diameter of 5 μm (the diameter of the uniform waist region) 

was fabricated by tapering a standard single mode optical fibre (SMF-28, Corning) using 

the same fabrication method as described in Section 2.1.2. The fabricated microfibre was 

bent into a U-shape to form a dipping probe as shown in Fig. 5.4, with a radius of 

curvature of 1.3–1.4 mm.  

Several U-shaped probes were prepared with microfibres with different diameters to 

test the bend loss and structural stability. It was found that there was a tradeoff between 

the microfibre diameter and the bend loss of the U-shaped probe. Probes fabricated 

from microfibres with smaller diameters between 2–4 μm suffered from significant 

mechanical instability and this induced significant measurement errors in the system. 

They were also more likely to break when being immersed into the analyte solutions. 

Microfibres with larger diameters of 6–10 μm suffered from large bend loss when bent 

into the U-shape. The most suitable waist diameter was found to be circa 5 μm and this 

(b) 

(c) 
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diameter was selected to form the U-shaped probe to mitigate the tradeoff between 

instability and high bend loss.  

 

Figure 5.4: Schematic diagram of the U-shaped microfibre probe. 

The length of the uniform waist region was controlled to be 4 mm by adjusting the 

microheater brushing length (as explained in Section 2.1.2). The length of the two 

transition regions was approximately 4.5 mm on each side. The fabricated microfibre 

was bent into a U-shape as shown in Fig. 5.4. The bend radius R was controlled to be 

circa 1.3–1.4 mm during experiments. Such a bend radius could ensure: (1) the 

curvature occurred within the uniform waist region of the microfibre. The length of the 

curved microfibre RLc π= and was calculated to be 4.08 mm for a bend radius of 1.3 mm. 

This value roughly equates to the length of the waist region of the microfibre (4 mm); (2) 

curvature induced bend loss was insignificant based on the discussion presented in [187] 

[188]. To experimentally confirm that this U-shaped microfibre configuration had a 

negligible bend loss, the transmission of the microfibre before and after it was bent was 

measured and was found to be negligible (less than 0.05 dB).  

5.1.3 Nanoparticle immobilization 

The U-shaped microfibre was fixed onto a vertical translation stage and immersed in a 

piranha solution for 1 hour to clean and also hydroxylate the microfibre surface. The 

piranha solution promotes the availability of hydroxyl surface functionality in the form 

of silanols on the microfibre surface. The piranha solution was prepared by mixing 

concentrated sulphuric acid and 30% hydrogen peroxide (v/v = 7:3). The sample was 

then rinsed with pure water. The next step was a silanization step, whereby the 

Lc =πR  

R  
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inorganic fibre surface was coupled with organic PAH moieties. Silanol functional groups 

can be in the deprotonated state at neutral pH (reaction solvent water is approximately 

neutral) forming negatively charged anions (~SiO-). These form a strong electrostatic 

bond with the positive ammonium nitrogen cation in PAH, resulting in strong 

immobilization of PAH on the microfibre surface. In order to achieve a functionalized 

surface with more consistent coverage, PEM consisting of a (PAH/PSS)PAH trilayer 

instead of a PAH monolayer was deposited on the microfibre surface. This was achieved 

by immersing the hydroxylated microfibre subsequently in the aqueous PAH solution, 

PSS solution, and again PAH solution for 15 minutes. Both the PAH solution and the PSS 

solution had a concentration of 1 mg/ml. The average molecular weights of the PAH and 

the PSS were 65 kDa and 75 kDa respectively. The sample was rinsed with pure water in 

between these steps to remove the loosely bound PAH or PSS molecules.  

Following the PEM treatment, the sample was immersed in an alloy nanoparticle colloid 

with a concentration of 1.28 × 1011 particles/ml. The nanoparticles which had a net 

negative charge adhered to the positively charged PAH top layer of the PEM during the 

immersion. The setup used for the microfibre hydroxylation, the PEM deposition and the 

nanoparticle immobilization was the same and is shown in Fig. 5.5. The inset magnified 

figure shows schematically the PEM-nanoparticle structure on the surface of the optical 

microfibre.  

 

Figure 5.5: Schematic diagram of the setup for immobilizing nanoparticles. The U-shaped 

microfibre probe is fixed on a vertical translation stage and immersed in the colloidal 

nanoparticle solution. 
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The transmission spectra during the nanoparticle immobilization process were recorded. 

After nanoparticle immobilization, the sample was rinsed with deionized water and 

dried in air. Figure 5.6 shows an example of the absorption spectra of a 5 μm microfibre 

during the immobilization of 50%Au50%Ag nanoparticles. The unit of absorbance is 

absorbance unit (AU). 
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Figure 5.6: Absorption spectra recorded during an example of 50%Au50%Ag alloy 

nanoparticle immobilization. As the immobilization time increases, the absorbance 

increases and the LSPR peak becomes sharper.  

The spectra are normalized to the (PAH/PSS)PAH modified microfibre (measured in 

water, without incorporating any nanoparticles). The spectra were measured by 

connecting the input and output ports of the microfibre to a tungsten-halogen white-

light source (SLS201, Thorlabs) and a spectrometer (CCS100, Thorlabs) respectively. 

The absorbance increases and the LSPR band becomes sharper with the increase in the 

immobilization time due to the increasing surface density of the nanoparticles on the 

microfibre. The maximum absorbance occurred at the wavelength of approximately 476 

nm. 

5.2 LSPR effect in the presence of Au-Ag alloy nanoparticles  

A series of 15 separate microfibre samples, each formed as a U-shaped probe, with 

immobilized 25%Au75%Ag, 50%Au50%Ag and 75%Au25%Ag nanoparticles were 

characterized using a field emission scanning electron microscope (FE-SEM) (SU6600, 
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Hitachi). Images were taken in a variable-pressure mode using back-scattered electron 

(BSE) detectors. Figure 5.7 shows the SEM images of surfaces of three selected 

microfibre samples individually immobilized with nanoparticles with different alloy 

formulations. The samples are labelled as A, B and C and correspond to microfibres 

immobilized with alloy nanoparticles with 25%Au75%Ag, 50%Au50%Ag and 

75%Au25%Ag formulations respectively. The selection was based on samples that had 

similar levels of nanoparticle surface densities (analyzed using ImageJ software (NIH, 

USA)).  

 

(a) 

 

 (b) 

  

(c) 

Figure. 5.7: FE-SEM images of microfibre surfaces with immobilized (a) 25%Au75%Ag, 

(b) 50%Au50%Ag and (c) 75%Au25%Ag nanoparticles.   

A   25%Au75%Ag 500 nm 2 um 

C   75%Au25%Ag   500 nm 2 um 

B   50%Au50%Ag 500 nm 2 um 
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Specifically, as listed in Table 5.1, sample A has the smallest value of surface density at 

6.114%, followed by sample B at 7.737% and sample C at 8.52%. The images on the left 

side were taken at a magnification of 60000x and with an accelerating voltage of 30 kV. 

The images on the right side were taken at a magnification of 20000x and with an 

accelerating voltage of 20 kV. From the images in Fig. 5.7, it can be seen that 

nanoparticles are generally dispersed over the microfibre surface with few aggregations. 

However the nanoparticles show inhomogeneous distributions in some areas for sample 

B. This might be caused by an over charge of amine cation by the deposited PAH layer in 

these areas.  

Table 5.1: Surface densities of the immobilized nanoparticles for the three studied samples.  

Sample Alloy formulation Surface density (%) 

A 25%Au75%Ag 6.1±2.6 

B 50%Au50%Ag 7.7±4.0 

C 75%Au25%Ag 8.5±2.6 

5.2.1 LSPR wavelength  

The absorption spectra for sample A, B and C were recorded using the same setup as 

demonstrated in Section 5.1.3 and are shown in Fig. 5.8. The wavelengths at which 

maximum absorbance occurred (referred to as LSPR wavelength) for sample A, B and C 

are approximately 456 nm, 463 nm and 492 nm respectively.  
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Figure 5.8: Absorption spectra for samples A, B and C with immobilized 25%Au75%Ag, 

50%Au50%Ag and 75%Au25%Ag alloy nanoparticles. 
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One can see that the maximum absorbance wavelengths for the samples increase with 

an increase of Au content in the composition of the immobilized alloy nanoparticles. This 

result is in a good agreement with the spectra measured for bulk colloidal nanoparticles 

shown in Fig. 5.2. However the LSPR wavelengths observed for the immobilized alloy 

nanoparticles show slight redshifts compared with the bulk colloidal solutions. This 

could be caused by changes in the RI profile of the surrounding medium based on 

Equation 5.1. The spectra have relatively wide LSPR bands. For example the full width at 

half maximum (FWHM) for the spectrum of sample A is circa 65.5 nm. 

5.2.2 LSPR absorption 

Apart from different LSPR wavelengths, the three samples also show different LSPR 

absorption levels as shown in Fig. 5.8. The absorption spectra were measured 

immediately after the nanoparticle immobilization step while the sensor was 

surrounded by a water environment. This peak absorbance in water was measured for 

sample A, B and C and the results are listed in the Table 5.2.  

Table 5.2: LSPR peak absorbances for the three studied samples. With similar surface densities, 

the three samples show alloy formulation dependent LSPR intensities represented by their peak 

absorbances.  

Sample Alloy formulation Surface density (%) 
LSPR peak absorbance 

(AU) 

A 25%Au75%Ag 6.114±2.648 1.433 

B 50%Au50%Ag 7.737±4.027 1.075 

C 75%Au25%Ag 8.527±2.550 0.696 

The three samples have similar levels of nanoparticle surface densities as previously 

shown in Table 5.1. However the LSPR intensity levels are different. Sample A 

(25%Au75%Ag alloy formulation) exhibits the highest LSPR intensity by showing the 

largest peak absorbance of 1.433 AU. In comparison, sample C (75%Au25%Ag alloy 

formulation) exhibits the lowest LSPR intensity by showing the smallest peak 

absorbance of 0.696 AU. Sample B (50%Au50%Ag alloy formulation) shows a medium 

level for both the nanoparticle surface density and the absorbance. One can see that 

samples with immobilized alloy nanoparticles which contain higher Ag content (lower 
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Au content) show stronger LSPR intensities and vice versa. The results are consistent 

with the well-known plasmonic phenomenon that silver nanoparticles show higher 

LSPR intensities than gold nanoparticles with the same geometry [15].  

5.3 Sensing using microfibre with Au-Ag alloy nanoparticles  

Many LSPR sensors are based on detecting RI variations caused by analytes in the 

vicinity of the nanoparticle surface. Therefore an important step is to determine the 

response to RI changes occurring in the local environment for a microfibre facilitated 

LSPR sensor. In this section, the sensitivities at detecting both bulk RI and surface RI 

changes are investigated and the results are compared for microfibres incorporating 

nanoparticles with different Au-Ag alloy formulations.   

The term bulk RI refers to the RI of the aqueous medium surrounding the sensor probe. 

The LSPR fields of the nanoparticles are fully immersed in this bulk RI medium and any 

change in the bulk RI has an impact over the entire LSPR fields. In comparison, the term 

surface RI (as will be measured in the next subsection) refers to the RI of a nanometre-

scale thin film (e.g. a molecular layer) formed on the surface of the nanoparticles. The 

thickness of this film is smaller than the decay distance of the LSPR fields. Thus changes 

in the surface RI mainly modify the LSPR field within a few nanometres of the 

nanoparticles’ surface.  

Since the LSPR fields generated by different alloy nanoparticles not only show 

differences in the total field power but also in the intensity distribution of the field, it is 

necessary to compare both the bulk and the surface RI responses for the proposed 

sensor.  

5.3.1 Bulk RI sensing 

In order to determine whether incorporating alloy nanoparticles on the surface of the 

microfibre increases the sensitivity of the sensor in detecting local RIs, the RI response 

of a bare optical microfibre without incorporating any nanoparticles was first measured. 

The microfibre was formed as a U-shaped probe as described in Section 5.2.2. The 

experimental setup for RI sensing is also the same as the setup used for nanoparticle 
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immobilization in Section 5.2.3. The U-shaped bare microfibre was immersed in a series 

of solutions of dimethyl sulfoxide in water with various calibrated RIs (1.333, 1.340, and 

1.350). The absorption spectra of the bare microfibre probe were measured and 

normalized to the spectrum of the microfibre in water (RI = 1.333 @ 589 nm) and are 

shown in Fig. 5.9. The magnified regions of the spectra for the wavelength range of 450–

500 nm are shown in the inset of the figure. The increase in the surrounding RI causes a 

general increase in the absorbance across the entire wavelength range. The sensitivity of 

the absorbance to the RI changes was calculated at a wavelength of 475 nm for the case 

without nanoparticles. The estimated sensitivity of such a bare microfibre in detecting 

surrounding RI changes was 1.19 AU/RIU.  
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Figure 5.9: RI response for the microfibre without incorporating any nanoparticles on 

the surface.  

The RI responses of microfibres incorporated with nanoparticles were then tested. In 

order to compare the sensitivities of the sensors with immobilized alloy nanoparticles of 

the same surface density but with different Au-Ag alloy formulations, three samples 

(labelled as sample A’, B’ and C’) were prepared to have roughly the same absorbances 

as the samples A, B and C studied in Section 5.3. Thus it could be assumed that the three 

samples had similar surface densities of the immobilized nanoparticles. The RI 

responses of the samples were then measured using the same method as described in 

the first paragraph of this section. The maximum absorbances were controlled below 

circa 2.5 AU during the experiment since larger absorbances can result in poor signal-to-

noise ratios.  
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The RI sensor results are shown in Fig. 5.10 (a) and (b) which presents the intensity 

changes and the spectral shifts respectively as the functions of surrounding RI. The solid 

lines are the linear fit of the mean of the measurements. The error bars in the figures 

represent the standard deviation of the repeated measurement results at each RI value. 

The discrepancies may be caused by the physical disturbance of the microfibre and the 

temperature fluctuation during the experiment. However the results still show a good 

repeatability of the samples in detecting local RI changes.  
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Figure 5.10: (a) LSPR peak absorbance vs. RI and (b) LSPR wavelength vs. RI for sample 

A’, B’ and C’ which incorporates alloy nanoparticles with 25%Au75%Ag, 50%Au50%Ag 

and 75%Au25%Ag formulations respectively.  

As shown in Fig. 5.10, all the three samples show increases in both absorbance and LSPR 

wavelength as RI increases. The sensitivities estimated from the experimental results in 

both the intensity and the wavelength domains are listed in Table 5.3. The samples with 

(a) 

(b) 
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higher Ag content exhibit higher sensitivities to RI and vice versa. This was expected 

since nanoparticles with higher Ag content are associated with stronger LSPR intensities 

by exhibiting larger peak absorbances as shown in Table 5.2. The highest sensitivities of 

44.918 AU/RIU in the intensity domain and 173.6 nm/RIU in the wavelength domain 

were achieved for sample A’ which had the highest Ag content.  

Table 5.3: Sensitivities in detecting RI changes in the local aqueous environment for samples A’, B’ 

and C’ in both the intensity and the wavelength domains. The three samples have similar 

nanoparticle surface densities. The RI sensitivity of the previously demonstrated bare microfibre 

is also provided for comparison. 

Sample 
Alloy 

formulation 

LSPR peak 

absorbance (AU) 

Sensitivity  

(AU/RIU) 

Sensitivity  

(nm/RIU) 

A’ 25%Au75%Ag 1.696 44.918 173.600 

B’ 50%Au50%Ag 1.052 22.781 145.120 

C’ 75%Au25%Ag 0.540 7.357 38.639 

Bare microfibre N/A N/A 1.19 N/A 

As shown in the last row in the table, the studied bare microfibre showed a sensitivity of 

1.19 AU/RIU in detecting local surrounding RI changes. This sensitivity is much lower 

than that of the samples which incorporated nanoparticles. This comparison of the RI 

sensitivity between the microfibres with and without alloy nanoparticles further 

confirmed that the light which originally propagated along the microfibre was coupled 

into the LSPR close to the nanoparticles’ surface. Such an excitation of LSPR can 

significantly increase the sensitivity of the microfibre to the surrounding RI changes. It is 

worth noting that while in principle the sensitivity in the intensity domain achieved by 

the microfibre facilitated LSPR structures was a combined result of both the LSPR field 

of the nanoparticles and the evanescent field of the microfibres, in reality the LSPR 

played the dominant role since the sensitivity achieved by the evanescent field in 

detection was negligible.  

5.3.2 Surface RI detection 

In order to show the potential of the microfibre facilitated LSPR structure to work as  a 

biochemical sensor, the sensitivity of the structure in detecting small surface RI changes 
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was also tested. This was done by altering the RI on the surface of the nanoparticles with 

the aid of additional adsorbed PEM. For this, a microfibre with immobilized alloy 

nanoparticles was immersed alternately in the PAH and PSS solutions for 15 minutes. 

The first layer of the cationic PAH molecules are most likely adsorbed onto the 

negatively charged nanoparticles’ surface, thus encasing the nanoparticles and forming a 

monolayer due to the electrostatic attraction between the two. Then the anionic PSS 

molecules adsorb on to the PAH layer to cover the entire surface of the structure. PEM 

with required number of layers can be deposited on the surface of the structure by 

alternately repeating the deposition process using the PAH and PSS solutions. This 

molecular interaction mechanism resulted in a PEM-NP-PEM microstructure formed on 

the microfibre surface as shown in Fig. 5.11. 

 

Figure 5.11: Schematic diagram showing the micro-configuration of the nanoparticles 

and the PEM on the microfibre surface. The nanoparticles were first immobilized on the 

(PAH/PSS)PAH modified microfibre surface. The nanoparticles were then alternately 

covered with PAH and PSS layers to test the surface RI sensitivity of the structure. 

The absorption spectra of samples A’, B’ and C’ after the deposition of each 

polyelectrolyte layer were measured. The analyzed results are shown in Fig. 5.12. The 

solid lines are the linear fits of the experimental data. The sensitivities in the intensity 

and the wavelength domains for the three samples are listed in Table 5.4.  
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Figure 5.12: (a) LSPR peak absorbance vs. number of polyelectrolyte layer and (b) LSPR 

wavelength vs. number of polyelectrolyte layer for samples A’, B’ and C’ which 

incorporate alloy nanoparticles with 25%Au75%Ag, 50%Au50%Ag and 75%Au25%Ag 

formulations respectively. 

In the intensity domain, increases in the number of adsorbed polyelectrolyte layers 

increases the absorbance with a slope of 0.250, 0.082 and 0.028 AU/layer for samples A’, 

B’ and C’ respectively. In terms of the influence of nanoparticles’ alloy formulation, the 

results agree well with those achieved in the bulk RI sensing experiment by exhibiting 

an increasing sensitivity for the alloy nanoparticles with higher Ag (lower Au) content. 

However the wavelength domain sensitivities failed to show any clear correlation with 

the nanoparticles’ composition. Sample B’ even shows blueshifts in the absorption 

spectra with increasing RI which conflicts with established LSPR theory. The unexpected 

blueshifts might result from the poor signal-to-noise ratio associated with the 

(a) 

(b) 
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wavelength domain detection and thus errors can obscure the true analyte induced 

spectral shifts. For example, typical LSPR spectral peaks are broad (FWHM> 65 nm as 

demonstrated in Section 5.2.1) compared with spectral shifts caused by the presence of 

each subsequent polyelectrolyte layer (circa 1 nm as shown in Table 5.3). Therefore 

measurement of small surface RI changes based on the detection of absorbance 

variations rather than wavelength shifts using the studied microfibre facilitated LSPR 

structure is a more accurate and reliable method.  

Table 5.4: Sensitivities in detecting PEM deposited on the surface of the nanoparticles for samples 

A’, B’ and C’ in both the intensity and the wavelength domains. The three samples have similar 

nanoparticle surface density.  

Sample Alloy formulation Sensitivity  (AU/ layer) Sensitivity  (nm/ layer) 

A’ 25%Au75%Ag 0.250 0.988 

B’ 50%Au50%Ag 0.082 -0.140 

C’ 75%Au25%Ag 0.028 1.152 

The typical thickness of a PAH/PSS bilayer is in the range of 0.5–2 nm depending on 

factors such as concentration and pH of the PAH and PSS solutions [189]. Thus the 

microfibre facilitated LSPR structure using alloy nanoparticles should be able to work as 

a biosensor in the intensity domain. The structure should be able to detect biochemical 

molecules captured onto the nanoparticles’ surface given the fact that the sizes of most 

biomolecules are larger than 2 nm. 

5.3.3 General comparison of RI sensing results  

In the last two sections, the RI responses for microfibres incorporated with 

nanoparticles which have roughly the same surface densities but different Au-Ag 

compositions were compared. The results showed that samples with immobilized alloy 

nanoparticles containing higher Ag (lower Au) content generate LSPR with higher 

intensities. Such samples with higher Ag-content also showed higher sensitivities in 

detecting surrounding RI changes. In this section, the sensitivities of microfibre 

facilitated LSPR sensors incorporating nanoparticles with different Au-Ag formulations 

are compared in a more comprehensive way. For each type of nanoparticle, several 

samples which achieved different peak LSPR intensities were compared in terms of their 
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sensitivities to local RI changes. The LSPR peak intensities of the samples are reflected 

by their peak absorbances measured in a water environment. For each alloy 

composition, three or four samples prepared with different peak absorbances were used 

to measure local RI changes. The sensitivities achieved by the samples were evaluated 

and then plotted against the samples’ LSPR peak absorbances. Due to the poor quality of 

results in the wavelength domain achieved in the previous RI sensing experiments, only 

the intensity domain measurements were analyzed in this experiment. 

The results are shown in Fig. 5.13 (a). The zero absorbance data corresponds to the bare 

microfibre’s sensitivity at detecting RIs (as shown in Table 5.3). One can see that for all 

three alloy compositions, the sensitivity in detection increases with the sample’s LSPR 

peak absorbance measured in water. This means, that with all other parameters fixed, 

higher LSPR intensities result in higher sensitivities to RI changes. Also, as demonstrated 

earlier, alloy nanoparticles with a higher Ag content show higher sensitivity when the 

surface densities are the same. However, when samples with different alloy formulations 

of nanoparticles achieve similar peak absorbance levels, samples incorporating 

nanoparticles with a higher Au content (which essentially means those samples have 

much higher nanoparticle surface densities than the samples incorporating alloy 

nanoparticles with a  higher Ag content) are associated with higher sensitivities.  

A similar investigation was carried using the same methodology to compare the 

sensitivities in detecting PEM deposition on the nanoparticles’ surface. The results are 

shown in Fig. 5.13 (b). Compared with detecting bulk RI changes, the sensor showed a 

similar alloy formulation dependent sensitivity in detecting surface RI changes. However, 

samples which incorporated 75%Au25%Ag alloy nanoparticles showed a trend towards 

a more drastic increase in sensitivity with the increase in peak absorbance compared 

with the other two alloy formulations. One possible explanation is that when achieving 

similar peak absorbance levels, samples with 75%Au25%Ag alloy nanoparticles 

essentially need to have higher surface densities than samples with the other two alloy 

formulations of nanoparticles. As a result, a larger amount of the PAH molecules 

(positively charged) can be attracted by nanoparticles (negatively charged) onto their 

surfaces and result in a larger increase in the local surface RI.  
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Figure 5.13: (a) Sample’s LSPR peak absorbance (measured when the sample is in water 

environment) vs. sensitivity at detecting (a) bulk RI changes and (b) PEM deposited on 

the nanoparticles’ surface.  

5.4 The effect of microfibre diameter  

Based on the results presented so far, it was found that the sensitivities achieved by the 

microfibre facilitated LSPR structure which incorporates Au-Ag alloy nanoparticles are 

competitive with the existing optical fibre facilitated LSPR sensors [116][190]. However 
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the microfibre facilitated LSPR sensors can potentially provide an extra advantage 

compared with the conventional optical fibres (e.g. conventional decladded optical fibre) 

facilitated LSPR sensors. The nanoparticle surface densities required for a microfibre 

facilitated LSPR sensor are also smaller than those required for covering the surface of a 

conventional optical fibre in order to achieve a similar level of LSPR intensity. This is 

because the evanescent fields which work as the incident light to generate LSPR are 

larger for microfibres than those for conventional decladded optical fibres. Given the 

fact that the intensity of the excited LSPR is proportional to that of the incident light 

[191], the LSPR generated by each nanoparticle immobilized on a microfibre should be 

stronger than that generated by each nanoparticle immobilized on a conventional 

decladded optical fibre.   

This low nanoparticle surface density requirement for microfibre facilitated LSPR 

sensor can be potentially useful in biosensing. For a typical LSPR biosensor, the target 

analyte is recognized by the specific receptors functionalized on the surface of 

nanoparticles. The number of the receptors immobilized on the surface of each 

nanoparticle is limited. In addition, the concentration of the target analyte is usually 

small. Thus only a limited number of target molecules can be captured by the receptors 

and in turn modify the LSPR field. To illustrate this consider the case where two single 

target molecules are separately captured by a microfibre LSPR sensor and a 

conventional optical fibre LSPR sensor. The microfibre LSPR sensor should be able to 

detect the molecule with a higher sensitivity since the LSPR modified by the molecule is 

more substantial compared with the conventional optical fibre LSPR sensor.  

This potential advantage can be further enhanced by reducing the diameter of the 

microfibre. The diameters of the microfibres used to facilitate LSPR in the experiments 

reported earlier in this chapter are 5 μm which is relatively large. If the diameter is 

reduced to smaller values, the nanoparticle surface density required to achieve the same 

level of LSPR intensities should be even smaller. As an example, a microfibre sample 

which had a diameter of 2.5 μm and was immobilized with 50%Au50%Ag alloy 

nanoparticles was studied. The sample had an in-water-absorbance of circa 1.2. The 

surface of the microfibre incorporating nanoparticles was characterized using the FE-

SEM and the image is shown in Fig. 5.14.  
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Figure 5.14: FE-SEM image showing 50%Au50%Ag alloy nanoparticles immobilized on 

the surface of a microfibre with a diameter of 2.5 μm.  The nanoparticle surface density is 

roughly 1.6 %. The in-water-absorbance was 1.2 AU.  

The nanoparticles were analyzed using ImageJ. The nanoparticle surface density and the 

corresponding peak absorbance of this sample (labelled as D) are compared with sample 

B studied in Section 5.3. The corresponding results are listed in Table 5.5 for comparison. 

The sample D has a slightly higher peak absorbance than sample B. However the 

nanoparticle surface density of sample D is only one fifth of that of sample B. This 

comparison shows that the efficiency at generating LSPR can be improved by reducing 

the diameters of the engaged microfibres. As pointed out in the first two paragraph in 

this section, the disadvantage of using microfibres with smaller diameters is that the 

fabricated sensors can suffer from poor mechanical strength and stability. For this 

reason microfibres with a relatively large diameter of 5 µm have been used for the 

investigation described in this thesis.  

Table 5.5: Comparison between nanoparticle surface densities required to achieve similar levels 

of LSPR intensities by two microfibre samples with different diameters.  

Sample 
Alloy 

formulation 

Microfibre 

diameter (μm) 

Peak absorbance 

(AU) 

Surface density 

(%) 

B 50%Au50%Ag 5 1.075 7.737±4.027 

D 50%Au50%Ag 2.5 1.2 1.604±0.429 

5.5 pH sensing using microfibre facilitated LSPR structure  

Applications in numerous fields such as biomedical research, clinical analysis, 

environmental monitoring and food processing require fast and accurate detection of pH.  
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Several optical fibre pH sensors have been developed by coating pH sensitive polymers 

such as hydrogels [192],  sol-gels [193] and self-assembled PEM [194] onto the surface 

of optical fibres.  In recent years, pH sensors have also been demonstrated using tapered 

optical fibres with the intention of achieving detection with a higher sensitivity and a 

faster response [195][196]. Very recently, a pH sensor based on optical fibre facilitated 

LSPR effects was developed by Tou et al [197]. The optical fibre structure consisted of a 

section of photonic crystal fibre (PCF) spliced in between two multimode fibres (MMF). 

By incorporating a coating of gold nanoparticles, followed by a coating of PEM on the 

fibre surface, the structure was able to detect a pH range of 6.5–8.0. 

It has been shown in previous sections that using tapered optical microfibres to facilitate 

the generation of LSPR can show enhanced sensitivities in detecting surface RI changes. 

Since PEM can be pH sensitive, the previously introduced PEM-NP-PEM nanostructure 

formed on the surface of a microfibre can be utilized for pH sensing. Such a pH sensing 

configuration which embraces the advantages of optical microfibre, LSPR and PEM has 

the potential to achieve better performance than the existing polymer based optical fibre 

pH sensors. In this section, the potential for the microfibre facilitated LSPR structure to 

work as a novel pH sensor is experimentally demonstrated by forming a PEM-NP-PEM 

nanostructure on the surface of a 5 μm diameter microfibre.  

5.5.1 pH-induced swelling of PEM 

The mechanism of the forming of layer-by-layer (LbL) self-assembly PEM was 

introduced previously in Section 4.2 and is not repeated here. The thickness of the 

formed PEM depends on the charge density of each polyelectrolyte layer. Higher charge 

densities result in stronger electrostatic interactions between the polyelectrolyte layers 

and thus the PEM become thinner, and vice versa. This results in an increase in the local 

RI and thus the absorption of the nanoparticles. Many factors can affect the charge 

density, such as salt concentration and the pH of the surrounding solution [198]. For 

example, PAH/PSS multilayers normally hold the highest charge density around a 

neutral pH and thus are the thinnest [193]. As the pH increases or decreases the PEM 

expands and become thicker. As the pH returns back to neutral, the PEM shrinks and 

recover to its original thickness.  The operating principle of a PEM based pH sensor 

relies on this pH induced charge density variation and the consequent reversible 

swelling and shrinking behaviour of the polyelectrolytes.  
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It should be noted that the use of PEM as the pH-sensitive polymer is essential in this 

work. Although many polymers such as hydrogels and sol-gels [199], are also pH 

sensitive and can be deposited on the sensing structures using conventional coating 

methods such as radiation or chemical induced attachment of films, it is difficult to 

precisely control the thickness and evenness of the film. Precise control over the 

thickness and evenness of the pH-sensitive polymer films is essential for a microfibre 

and nanoparticle facilitated LSPR sensing configuration. This is because the LSPR fields 

of nanoparticles decay rapidly within a distance of tens of nanometres. Thus the pH-

sensitive polymer film formed on the nanoparticles’ surface needs to be highly confined 

(of nanometre thickness) and uniform in thickness for the sensor to work. Layer control 

is also important to ensure repeatable sensor performance. The LbL technique used in 

this thesis is a versatile and convenient approach to form such highly uniform PEM films 

on substrates with precisely controlled thicknesses. The substrates can be non-flat 

surfaces of any shape which makes this technique even more suitable to form self-

assembled PEM on the spherical surfaces of the nanoparticles, which themselves are 

deposited on the curved surface of the microfibre.  

5.5.2 pH sensing experiment and results 

The pH sensing structure is very similar to the microfibre-PEM-NP-PEM configuration 

shown in Fig. 5.11. The experimental detail of preparing the configuration is the same as 

demonstrated in Section 5.3.2 and thus is not repeated here. For simplicity only the 

median alloy formulation of 50%Au50%Ag nanoparticles was used to demonstrate the 

pH sensor. The nanoparticles were immobilized on the (PAH/PSS)PAH modified 

microfibre surface to achieve a peak absorbance of circa 1.0 AU. Then three layers of 

PAH/PSS bilayers were deposited on top of the nanoparticles to form a NP(PAH/PSS)3 

multilayer system. After the deposition of PEM the sensor had a peak absorbance of 2.40 

RU at 492.65 nm.  

The experimental procedure involved  the fabricated sensor being dipped into aqueous 

solutions with various calibrated pH values ranging from 2.0 to 10.0. The pH solutions 

were prepared by mixing HCl or NaOH with pure water with various concentrations. 

Only a very small amount of HCl or NaOH is required to achieve a large pH difference of 

the solution. One possible concern was that the different liquid formulations of HCl or 
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NaOH and water could have different RIs that might confuse results when trying to 

measure the pH of the liquids. To eliminate this concern the RIs of the calibrated pH 

solutions were measured using an Abbe refractometer (ABBE5, Bellingham+Stanley). 

The RI difference between the highest HCl (or NaOH) solution and pure water was only 

0.001. This suggests that the effect of RI variations during the pH measurements can be 

neglected.  

The LSPR absorption spectra of the sensor in various pH solutions were measured and 

analyzed using the same setup as described in previous sections. The absorption peak of 

the sensor was located at circa 496.25 nm. The absorbances at this wavelength when the 

sensor was immersed into different pH solutions were measured. For each 

measurement, the sensor was immersed in the pH solutions for 1 minute before the 

absorption spectrum was recorded. This allowed the PEM to fully swell/shrink and thus 

to achieve a stabilized absorption spectrum. Each measurement was repeated three 

times. The pH induced swelling and shrinking process is reversible. Therefore the 

repeated measurements were carried out using the same sensor sample. The 

relationships between the measured absorbance at 492.65 nm and the pH are shown in 

Fig. 5.15.  
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Figure 5.15: pH response of the microfibre-PEM-NP-PEM structure for (a) acidic pH 

range and (b) alkaline pH range. The absorbance was measured at 492.65 nm. The error 

bars represent the standard deviation of the measurements. The solid lines are the 

exponential fit of the mean of the measurements.  

As shown in Fig. 5.15 (a), the absorbance of the sensor decreases for the more acidic pH 

values for the surrounding aqueous environment. On the contrary, the absorbance 
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decreases with increasing pH in an alkaline environment as shown in Fig. 5.15 (b). The 

results correspond well with the fact that PAH/PSS multilayers are strongly charged at 

neutral pH and where the PEM are the densest with the highest RI.  

There is a large intensity mismatch between the original peak absorbance and the 

absorbance when the surrounding aqueous environment is returned to the neutral pH 

from the alkaline environment. This could be caused by the incomplete shrinking of the 

PEM. The kinetics behind the pH related mobility and swelling behaviour of the PEM are 

complex and is outside the scope of this thesis and are not discussed further. 

In general, the proposed structure shows a pH dependent absorption in both the acidic 

and alkaline aqueous environments. Based on the higher sensitivity available, the 

structure is more suitable for detection of pH changes in an acidic to neutral range 

environment from 2 to 7. The average pH sensitivity was circa 2.6 AU/pH within this pH 

range. As a proof of principle only the structure based on alloy nanoparticles with a 

composition of 50%Au50%Ag was studied in this work. However the properties and 

performance of such a potential pH sensor can be easily tuned by incorporating Au-Ag 

alloy nanoparticles with other formulations based on the results shown in Sections 5.3 

and 5.4. 

5.6 Conclusions  

In this chapter, a microfibre facilitated LSPR sensing configuration which incorporates 

Au-Ag alloy nanoparticles was experimentally demonstrated. The sensor was fabricated 

by immobilizing alloy nanoparticles on a (PAH/PSS)PAH modified microfibre surface. 

The LSPR effects and sensing performances of a range of samples incorporating 

nanoparticles with a certain Au-Ag composition were compared. The comparison of the 

LSPR effects showed that, with roughly the same nanoparticle surface density, 

nanoparticles with different alloy formulations result in different LSPR intensities and 

resonance wavelengths. Nanoparticles with higher Ag content showed shorter 

resonance wavelengths and stronger LSPR intensities and vice versa.  

Next, the performance of the microfibre facilitated LSPR structure at detecting 

surrounding RI changes for nanoparticles with different alloy formulations was 

compared. Both the bulk and the surface RI sensing results showed that with similar 
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nanoparticle surface densities, nanoparticles with higher Ag content were more 

sensitive in both the intensity and wavelength domains. However the wavelength 

domain resolution was low which suggested that the sensor was more suitable to work 

in an intensity domain. When comparing the sensitivities of samples which incorporated 

different alloy nanoparticles but with similar LSPR intensities, samples with higher Au 

content show higher sensitivities.  The achieved sensitivities are comparable with the 

existing optical fibre based LSPR sensors. However the nanoparticle surface densities 

required for a microfibre facilitated LSPR sensor are smaller than those required for 

covering the surface of a conventional optical fibre in order to achieve a similar level of 

LSPR intensity. This advantage can be further enhance by using microfibres with even 

smaller diameters. However the use of thinner microfibres is limited by their mechanical 

instability.  

Finally the potential for the microfibre facilitated LSPR structure to work as a pH sensor 

was demonstrated by depositing PEM on top of the immobilized nanoparticles. The 

sensor showed different pH-dependent LSPR responses in acidic and alkaline 

environments. The sensor is more sensitive for the detection of pH within the range of 

pH 2–7. 
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Chapter 6 

Conclusions  

Tapered optical microfibres have large and easily accessible evanescent fields to 

facilitate strong light environment interactions. Optical microfibres also have highly 

confined mode distribution and small diameters to form compact structures with low 

bend loss. As a result, tapered optical microfibres have the potential for developing 

sensors with high sensitivity, fast response, small size and low cost. This thesis explored 

the sensing potential of tapered optical microfibre based structures in several 

application fields. This chapter briefly summarizes the output of the research reported 

in this thesis and draws a number of specific conclusions and furthermore proposes 

several potential research directions into which the current work can be extended. 

6.1 Summary and conclusions  

This section summarizes the main contributions and conclusions of the research work 

reported in this thesis. A complete microfibre fabrication setup was first designed and 

implemented as a key prerequisite to carry out the research. Both single microfibre and 

OMC tapered structures were investigated as the basis of sensors such as an RI sensor, a 

biosensor, a humidity sensor and a pH sensor. Specific contributions include: 

� A microfibre fabrication setup. A microfibre fabrication setup was designed and 

developed as a key prerequisite for the research and this was described in Chapter 2. 

The fabrication setup involved using a ceramic microheater to heat the optical fibre 

and two motorized translation stages to stretch the fibre. A tapering motion control 
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program for a PC was developed to automate the fibre tapering process and to allow 

a user to precisely control the shape and diameter of the fabricated optical 

microfibres. The developed setup allows for the fabrication of microfibres with an 

acceptable level of taper diameter control and good repeatability. The discrepancy 

between the predicted diameters and the actual diameters was less than 10%. The 

setup could also be adapted to fabricate OMC structures. 

� An OMC based RI sensor. Chapter 3 demonstrated a RI sensor using an OMC 

structure. An OMC was chosen as the tapered fibre structure as it offers the 

advantages that it can be interrogated in the wavelength domain and is relatively 

easy to fabricate. An OMC with a diameter circa 2 μm (that is the diameter of each 

microfibre) was fabricated using the fibre tapering setup developed and described in 

Chapter 2. The fabricated OMC exhibited a multi-peak interference spectrum with a 

maximum extinction ratio of over 25 dB. When used for detecting the RI of the 

surrounding aqueous environment, the OMC achieved an average sensitivity of 

2737 nm/RIU with a maximum sensitivity of 4155 nm/RIU for a RI value close to 

1.334. However the OMC showed strong spectral dependence on the polarization 

state of the input light. Therefore it is concluded that a polarization controller would 

need to be incorporated in a usable sensing system to control the input polarization 

state to achieve higher sensing resolution and to minimize the polarization induced 

measurement error (e.g. due to bending induced polarization disturbance of fibre 

cables during experiments). The temperature and humidity dependences of the OMC 

were also studied. The OMC showed a limited linear temperature dependence in the 

order of a picometre scale wavelength shift per degree. It was also found that high 

humidity levels of over 90% RH could significantly affect the coupling behaviour of 

the OMC, leading to increased measurement errors. The sensor is thus best suited to 

relatively low humidity environments to avoid the need for humidity compensation.  

� An OMC based humidity sensor.  Chapter 3 also described an experimental 

demonstration of a humidity sensor based on the OMC structure. The sensor was 

fabricated by coating an OMC with a layer of humidity sensitive PEO material. The 

sensor could detect RH changes in the range from 70% RH to 85% RH with an 

average sensitivity of 2.23 nm/%RH. This sensitivity is comparable with the existing 

fibre optic based humidity sensors. Since the described humidity sensor showed 

significant spectra shifts and thus large optical intensity variations within 70% – 85% 
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RH range, the sensor can be used as a humidity dependent optical switch to limit RH 

to levels below or above this RH range. Such humidity switches are useful in many 

agricultural, cosmetic and clinical applications. 

� An OMC based label-free immunosensor. Chapter 4 experimentally demonstrated 

a label-free immunosensor based on a packaged OMC structure. A key prerequisite 

was that the OMC is packaged in a low RI UV curable polymer to achieve good 

mechanical stability of the structure during measurement. The principle and 

operation of the immunosensor was demonstrated using fibrinogen antigen-antibody 

pairing. The results showed that such an OMC based immunosensor was capable of 

detecting the specific binding between the fibrinogen and the anti-fibrinogen. It was 

found that the detected signal was proportional to the concentration of the anti-

fibrinogen solution. Chapter 4 also included a description of a more clinically relevant 

IgG sensor by immobilizing anti-IgG on the surface of the OMC sensing region. The 

results showed that the sensor could also detect the specific binding between anti-

IgG and the IgG. The demonstrated OMC based biosensor offers a reliable, compact 

and simple solution for implementing current immunoassays. 

� A microfibre based LSPR sensor incorporating Au-Ag alloy nanoparticles. 

Chapter 5 included a description of the experimental demonstration of a microfibre 

based LSPR sensor which incorporated Au-Ag alloy nanoparticles. The sensor was 

fabricated by immobilizing Au-Ag alloy nanoparticles on a (PAH/PSS)PAH modified 

tapered single microfibre surface. The LSPR effects and the sensing performance of 

several sensor samples incorporating nanoparticles with different Au-Ag 

formulations were compared. It was concluded that the sensors which incorporated 

nanoparticles with a higher Ag (lower Au) content showed stronger LSPR intensities 

and higher sensitivities in detecting bulk and surface RIs in both the intensity and the 

wavelength domains. It was also concluded that when the samples with a different 

nanoparticle alloy formulation exhibited similar LSPR intensities, samples with a 

higher Au content (which essentially means that those samples have higher 

nanoparticle surface densities) showed a higher sensitivity in detection. A further 

conclusion was that the sensors were more suitable for operating in the intensity 

domain since the achievable resolution in the wavelength domain was low. Based on 

the results, the performance of the microfibre based LSPR based sensor could be 

potentially tuned by varying the Au-Ag formulation of the nanoparticles. The 
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biochemical properties of the sensor could also be tuned based on the well-known 

physicochemical differences between Au and Ag for potential applications in 

antibacterial biomedications, drug-delivery, and tumour thermotherapy. 

� A pH sensor. As an example of a practical sensor, Chapter 5 also demonstrated the 

potential for microfibre based LSPR structure to work as a pH sensor. The sensor was 

fabricated by depositing PEM on top of the 50%Au50%Ag alloy nanoparticles that 

were immobilized on a microfibre surface. The formed PEM-NP-PEM nanostructure 

on the microfibre surface showed pH dependent swelling and shrinking behaviour 

which in turn modified the detected LSPR intensity of the sensor. The LSPR 

absorbance of the sensor increased with the pH in an acidic environment and 

decreased with the pH in an alkaline environment. Thus the sensor could be used to 

detect the pH level of either an acidic solution or an alkaline solution. However the 

sensor showed a higher sensitivity and a smaller measurement error in the acidic 

situation. It was concluded that this microfibre based LSPR pH sensor was better 

suited to detect pH levels of 2–7, achieving an average sensitivity of 2.6 AU/pH. 

6.2 Global conclusions 

Beyond the specific conclusions mentioned above, there are several global conclusions 

of the research reported in this thesis that are worth highlighting: 

� An OMC is a relatively simple and efficient microfibre structure for developing 

sensors with potential high performance given its easily accessible evanescent fields 

and RI dependent coupling coefficients. The wavelength dependent multi-peak 

transmission spectra of the OMC structure can facilitate wavelength domain 

interrogation for detection which overcomes the necessity of using overly thin 

microfibres in order to achieve the strong light-environment interaction needed for 

intensity domain detection. The tradeoff is that fabricating an OMC requires fusing 

two tapered optical microfibres together to form the coupling structure, but on a 

positive note because the fusing of the two fibres in an OMC occurs at the same time 

as tapering, as mentioned in Section 3.2. Therefore the actual real increase in 

fabrication complexity and time consumed in doing so is modest and is worthwhile in 

many applications which would benefit from wavelength domain interrogation.   
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� Utilizing the potential high sensitivity in detecting surrounding RI changes for the 

OMC structure, OMCs can be successfully adapted to form the basis of a wide variety 

of sensors for a diverse range of measurands. As examples, a humidity sensor and a 

label-free immunosensor were developed by functionalizing an OMC surface with a 

humidity sensitive coating and with bioreceptors respectively. The diversity 

demonstrated suggests that OMCs offer a means to implement a range of other 

evanescent field sensors, provided that suitable functionalization can be 

implemented.   

� The sensitivity in detection for a single microfibre with a relatively large diameter , 

which has the benefit of being more mechanically robust, can be enhanced by 

incorporating conductive nanoparticles on the microfibre surface. The evanescent 

fields of the microfibre can be efficiently coupled into LSPRs of the nanoparticles to 

facilitate biochemical sensing applications. The improvement in sensitivity is at the 

expense of a more complex surface functionalization. Whether this added complexity 

is worthwhile will depend on the sensitivity and application required and on the level 

of mechanical robustness demanded by the application.   

� Using Au-Ag alloy nanoparticles which contain different alloy formulations show 

different LSPR effects and sensing performance. Thus sensors with potentially 

tunable characterization can be developed. The alloy nanoparticles also provide extra 

advantages of combining the merits of both gold and silver allowing one to 

potentially tailor the physicochemical properties of the sensor. However the tuning is 

not dynamic,since the tuning arises from an alloy formulation which can altered to 

tune the sensor during design and fabrication but not when the sensor is in use.    

6.3 Future work  

While this thesis explored the potential of microfibres for sensing applications, there 

remain a number of unanswered research questions and challenges which point to 

promising directions that current work could be extended into. 

� OMC based sensors using polarization maintaining optical fibres. An OMC 

structure is sensitive to polarization state of the input light as demonstrated in 
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Chapter 3. A tapered polarization maintaining (PM) optical microfibre fabricated by 

adiabatically tapering a conventional PM optical fibre was shown by Jung. et al. [130] 

to be capable of maintaining linear polarization states. Thus using PM optical fibres 

instead of standard single-mode optical fibres to develop OMC based sensors points 

to a possible approach to minimize polarization induced system instability and 

related sensing errors. 

� Biosensors using microfibre based LSPR effects. In Chapter 5 it was shown that a 

microfibre based LSPR sensor could surface RI changes caused by adsorbed PEM. It 

was also demonstrated that by incorporating alloy nanoparticles with higher Ag 

content or using microfibres with smaller diameters, the sensor could exhibit high 

intensity LSPR with relatively small nanoparticle surface densities. This effect was 

exploited to enhance the biosensitivity in detecting very small concentrations of a 

target analyte captured by a limited number of receptors immobilized on the 

nanoparticles, as explained in Section 5.5. It is of clinical significance to investigate 

the performance of such a microfibre based LSPR biosensor using high-Ag content 

alloy nanoparticles and small-diameter microfibres. For example, by immobilizing 

alloy nanoparticles that are functionalized with anti-epidermal growth factor 

receptor (anti-EGFR) antibody onto the microfibre surface, the sensor can detect 

EGFR and provide useful information for cancer diagnostics.  

� OMC based LSPR sensor. An OMC exhibiting a wavelength dependent multi-peak 

transmission spectrum was described in Chapter 3. The spectrum showed high RI 

sensitivity and a capability for biosensing with wavelength domain interrogation, as 

demonstrated in Chapter 4. In comparison with the OMC’s wavelength domain 

detection, a microfibre based LSPR sensor showed a strong intensity dependence but 

a relatively small wavelength dependence on environmental changes as 

demonstrated in Chapter 5. A key question is what if the mode-coupling of an OMC 

structure is combined with nanoparticles’ LSPR effects? Is it possible to develop 

sensors with new potentials such as to simultaneously detect two environmental 

changes with low cross sensitivity? One possible example is a sensor which can 

simultaneously detect RIs and pH levels of a solution, by combining the principles 

demonstrated in the sections related to the OMC RI sensor (Section 3.3) and the 

microfibre LSPR pH sensor (Section 5.6.2). Apart from the potential of multi-analyte 

detection, such a sensor combing the two principles may also provide a two-
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parameter detection when measuring a single environmental change or analyte. For 

example, by measuring both the coupled spectral shift and the LSPR intensity 

variation caused by the analyte may provide a more reliable and accurate sensing 

result. 

� New microfibre packaging techniques. The sensing capability of a microfibre 

based sensor relies on its efficient light-environment interactions facilitated by the 

evanescent fields. A wavelength comparable diameter or sometimes a subwavelength 

diameter of the microfibre can be essential for many sensing applications. 

Microfibres with such small diameters are mechanically weak and easy contaminated. 

Thus many microfibre based devices require a robust fibre packaging technique to 

ensure the performance of the devices during experiments as well as over time, but 

must allow for the ingress and egress of a target analyte. Several packaging 

techniques such as packaging with low-RI polymers [160], supporting with 

substrates [76]  and integration with microfluidics devices [157] have been 

investigated. However these packaging techniques have many disadvantages such as 

poor reproducibility and long-term instability. Many packaging techniques also 

sacrifice the microfibre’s sensitivity in detection to achieve the required robustness 

(e.g. by partially or fully covering the microfibre and thus weakening the light-

environment interactions). The lack of high-performance microfibre packaging 

techniques has limited microfibre sensors to laboratory sensing experiments. 

Therefore it is crucial to investigate new materials and methods such as microfluidics 

and 3D printing technologies for the development of new packaging techniques for 

microfibre based sensors, if such sensors are to be made robust enough and with 

sufficient reliability for real world applications.  
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