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Abstract 

I 

Abstract 

Fiber-optic sensors have become one of the most enabling sensing 

technologies due to their distinctive advantages, such as small size, low cost, 

multiplexed detection and remote control capabilities. In recent years, new 

fiber-optic sensors for chemical and biological sensing have been drawn 

remarkable attentions due to their biocompatible properties as well as 

miniature size and high sensitivity. In this thesis, we present three kinds of 

new fiber-optic biochemical sensors through micro-/nano-engineering their 

polymeric coatings and demonstrate their applications in biological sensing. 

     We firstly developed a high-performance fiber-optic pH sensor 

through fabricating a nanoporous polyelectrolyte complex (PEC) film on the 

surface of a thin-core fiber modal interferometer (TCFMI) device. A 

monolayer self-assembly technique has been applied to make a high-quality 

PEC nano-structured film on the surface of TCFMI devices. Experimental 

results reveal that the sensor with nanoporous PEC film has a close 

sensitivity with the sensor coated with non-porous PEC film, but the former 

shows much fast response due to the nanoporous structures of the sensing 

film. The fabricated sensors break the common “trade-off” rule in sensor 

fabrication and show both superior pH sensing performance and fast 

response.  
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      The second type of the developed fiber-optic biochemical sensor is a 

highly sensitive long-period grating (LPG) pH sensor. PAA ionic hydrogel 

has been periodically patterned on the surface of a tapered optical fiber with 

a diameter of 30 µm by using our own-developed maskless exposure setup 

and formed a strain-modulated grating structure. Experimental results 

revealed that this new kind of LPG pH sensor has much higher sensitivity 

than conventional LPG sensors whose grating structures are written in the 

photosensitive fiber core. 

In order to exploit the fiber sensing technology in biological fields, 

we have developed a TCFMI biosensor based on polyelectrolyte multilayer 

nanocoatings for label-free DNA hybridization detection. With the layer-by-

layer (LbL) self-assembly technique, multi-layered 

(PEI/PAA)5(PEI/ssDNA)1 sensing film has been coated on the surface of a 

TCFMI sensor for DNA detection. The sensor performance has been tested 

by using different kinds of ssDNA solutions with a concentration of 1 µM. 

Experimental results showed that the fabricated fiber-optic DNA sensor can 

precisely identify the number of match bases of ssDNA chains.  

       Finally, LPG sensors have been fabricated in small-diameter single 

mode fiber (SDSMF) and integrated into a microfluidic chip to develop an 

optofluidic biochip. With the point-by-point grating fabrication technique, 

LPG has been inscribed in a SDSMF by using high-intensity UV laser pulses. 
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LbL self-assembly technique was then adopted to coat 

(PEI/PAA)9(PEI/GOD)1multilayer sensing film on the LPG surface for 

glucose (GO) sensing. The influence of sensing film thickness on the GO 

sensors’ performance was studied and compared. The fiber-optic GO sensor 

was finally integrated into the microfluidic channel to produce a biochip. 

Experimental results showed that the fiber sensor integrated biochip can 

detect GO concentration as low as 1 nM. Due to its point-of-care and real 

time analysis capabilities, such an ultrasensitive biochip has the potential for 

clinical applications. 
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Chapter 1  

Introduction 

1.1 Background 

‘Optical Technologies for the 21st Century’ was proposed by the German 

Agenda in 2002. It emphasized that optical technology will be an enabling 

technology for a great many of fields and applications in the future [1]. 

Particularly, optical sensors will play the key role in the development of 

almost every field, such as light barriers, automotive rain sensors, white light 

interferometers and high-resolution scanning near-field optical microscopes 

[2]. Optical sensors have become an attractive and hot research topic, and 

many kinds of optical sensors and biosensors have been demonstrated, such 

as gas sensors [3], ion sensors [4, 5], pH sensors [6-9], humidity sensors [10-

12], small organic molecule detection [13], DNA biosensors [14-16], glucose 

biosensors [17, 18], cell based biosensors [19], and other biological sensors 

[20, 21]. Recently, much efforts have been devoted to developing miniaturize 

optical sensors and integrating them into biochips [22, 23]. Such biochips 

have many advantages: 1) on-site analysis, analysis in security areas; 2) 

extremely small sample consumption and fast response; 3) suitable for in 

vivo test because of compactness.   
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Optical fibers have become one of the best candidates for 

development of miniature optical sensors [22]. They have some competitive 

and attractive properties, including small size, biocompatibility, immune to 

electromagnetic interferences, multiplexed detection capability and 

potentially low-cost [24, 25]. So far, various kinds of fiber devices have been 

adopted for sensors development, such as long period grating [26], fiber 

Bragg grating [27], tapered fiber [28], thin-core fiber modal interferometer 

[5], Fabry-Perot cavity [18], photonic crystal fiber [29] and other specialty 

optical fibers [30]. Moreover, these fiber devices have been widely employed 

in chemical detection and biological fields. Since 2000, the ACS Journal 

‘Analytical Chemistry’ has published the biannual review on the topic of 

‘fiber-optic chemical sensors and biosensors’, which provides a concise but 

comprehensive reviews on the development of fiber-optic sensors and 

biosensors [31-36]. 

A key aspect of fiber-optic sensors fabrication is the ability to guide 

light propagation for both sensing and signal processing [37]. Fiber-optic 

biochemical sensors can be developed through interacting the sensing films 

with the propagating modes for conducting a range of measurements. Thus, 

it is quite appealing to deposit active and passive nanocoatings on the surface 

of optical fiber to achieve the chemical or biological sensing purposes [38].  

The techniques used for preparation of thin sensing film deposition 
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becomes one of pivotal issues in the development of optical biochemical 

sensors [38]. A number of methods have been proposed for thin film 

deposition, such as self-assembled monolayer method, Langmuir–Blodgett 

technique [39], chemical vapor deposition [40], atomic layer deposition [41] 

and layer-by-layer (LbL) self-assembly technique [42]. In particular, the LbL 

self-assembly technique provides a versatile method to fabricate controlled 

layered nanostructures, with various kinds of functional materials, via very 

simple, inexpensive and rapid procedures. Since their rediscovery by Decher 

[43], numerous reports and reviews on their fundamental studies and 

applications have been published [42, 44-48]. The LbL self-assembly 

technique has been widely applied in physical fields (electrochemical 

capacitors [49], lithium-ion batteries [50], organic field-effect transistor [51] 

and solar cells [52]), chemical fields (self-healing [53], superhydrophobic 

surfaces [54], tunable degradation [55], sensors [25], catalysts [56] and 

permeability control [57]) and biomedical fields (controlled release [58], 

drug delivery [59], cell culture [60], biosensors [14] and cancer therapy [61]). 

1.2 Objectives of Research 

Though fiber-optic sensors have been studied for some years, most of them 

focused on physical sensors. The studies on fiber-optic biochemical sensors 

are not too many, and there is still spacious room for development in this 
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field, including high performance (including the sensitivity, response time 

and repeatability) and cost-saving fiber-optic biochemical sensors 

fabrication. In addition, special types of fiber-optic sensors are also needed 

to be developed for some emerging biochemical sensing applications. 

Moreover, fiber-optic sensors are very promising to be integrated within 

microfluidic chips to develop “lab-on-a-chip” devices for multi-parameter 

sensing and clinical diagnostics. 

In this thesis, novel fiber-optic biomedical sensors, including novel 

types of fiber devices and new biomedical sensing coatings, are developed. 

Particularly, dramatic attention will be paid to enhance the performance of 

fiber-optic biomedical sensors, in terms of their sensitivity and response time. 

Several kinds of fiber-optic biosensors have been developed in accordance 

with different practical biochemical sensing applications. Eventually, fiber-

optic biosensor is demonstrated to integrate with microfluidic chip to 

develop highly sensitive biochips for real-time, point-of-care and small-dose 

diagnosis.  

1.3 Outline of Thesis 

The chapters of my thesis are organized as follows:  

Chapter 1: Introduction. In this chapter, the background of fiber-optic sensors 

and the sensing film deposition methods are introduced. The objectives of 
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the research are also introduced. Finally, the outline of the thesis is also 

presented. 

Chapter 2: Overview of Optical Biochemical Sensing Technology. In this 

chapter, some kinds of fiber-optic refractive index sensors will be reviewed, 

and the development of optical biochemical sensors and their applications in 

biological field are summarized. Finally, the significance of developing 

fiber-optic biochemical sensors and their potential application in clinical 

diagnostics are discussed. 

Chapter 3: Fiber-optic pH Sensors Based on Self-assembled Monolayer 

Nanoporous Sensing Coating. In this chapter, a high performance fiber-optic 

pH sensor based on TCFMI is developed by using monolayer self-assembly 

technology. Owing to the nanoporous sensing coating, both high sensitivity 

and fast response of the sensor have been achieved, which breaks the 

common “trade-off” rule in sensor fabrication. 

Chapter 4: Optical Microfiber LPG pH Sensor Based on Micropatterned 

PAA Ionic Hydrogels. In this chapter, a novel long period fiber (LPG) grating 

pH sensors is developed by periodically patterning ionic hydrogels on the 

surface of a tapered optical fiber. An own-developed optical maskless 

exposure technology has been applied to fabricate a strain-modulated LPG 

structure. The results show that this new kind of PAA-LPG pH sensor has 

much higher sensitivity than conventional LPG sensors whose grating 
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structures are written in the fiber core 

Chapter 5: Fiber-optic DNA Sensor Based on Self-assembled Multilayer 

Sensing Coating. In this chapter, a novel fiber-optic DNA sensor based on 

TCFMI is developed by layer-by-layer self-assembly 

(PEI/PAA)4(PEI/ssDNA)1 sensing coating. The performance of the sensor is 

studied in detail, and their sensitivity to target ssDNA with different match 

base numbers is investigated. The results show the sensor can even identify 

the DNA with two match base numbers. 

Chapter 6: Optical Fiber Sensor Integrated Biochips for Ultrasensitive 

Glucose Detection. In this chapter, LPG inscribed in a small-diameter single 

mode fiber (SDSMF) is integrated into a microfluidic chip to develop 

biochips. Glucose oxidase containing sensing film was deposited on the 

surface of SDSMF-LPG. Thereafter, the LPG sensor are integrated into 

microfluidic channels to build a biochip for glucose detection. Experimental 

results reveal the biochip has a detection limit as low as 1 nM. 

Chapter 7: Conclusions and Future Outlook. In this chapter, a summary of 

the research results is presented and the directions for future work and 

development are discussed. 
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Chapter 2  

Overview of Optical Biochemical Sensing Technology 

2.1 Introduction 

In this chapter, the fundamentals and recent progress in optical biochemical 

sensors are reviewed. Different types of fiber-optic RI sensors will be 

summarized and their performances will be compared. The optical 

biochemical sensors, including pH sensors, metal ions sensors, DNA sensors 

and glucose sensors, are also reviewed [31-37, 62, 63]. 

2.2 Fiber-Optic Refractive Index Sensors 

2.2.1 Fundamentals of Fiber-Optic Biochemical Sensors 

Fiber-optic biochemical sensors refer to the devices which adopt optical 

fibers as the transduction element, and use optical mechanisms for target 

analytes detection. Optical fiber is a kind of optical waveguide, which is 

generally with a shape of cylinder. It usually includes three parts: core, 

cladding, and coating. The coating is commonly made of polymer, for 

protection of the inner part of the fiber. The cladding part is usually made of 

silica, while the core is typically made of germanium-doped silica with 

enhanced refractive index (RI). The light propagates along the core by total 
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internal reflection, which light can be divided into the guided field in the core 

and the evanescent field in the cladding part. For a conventional optical fiber, 

the evanescent field usually decays to be zero within the cladding part. In 

order to fabricate fiber-optic sensors, the light will be exposed to the 

surrounding environment and directly or indirectly interact with the 

surrounding medium for sensing [64]. 

Optical fibers are originally developed for telecommunication which 

requires the light propagation with minimal loss. Thereafter, researchers 

found that optical fibers are also good candidates for sensor fabrication [31]. 

From then on, fiber-optic sensors have been a hot research topic due to their 

advantages of chemical-inertness, immunity to electromagnetic interferences, 

biocompatibility, multiplexed detection, remote sensing, and the ready 

availability of optoelectronic components. Up till now, different types of 

fiber-optic sensors have been designed and adopted for various kinds of 

applications [64].  

However, most of those fiber-optic sensors are developed to detect 

physical parameters, such as temperature and pressure [65]. Therefore, much 

efforts are needed to developing fiber-optic biochemical sensors for bio-

detection and chemo-detection by coating the fibers with micro-/nano-

structured functional sensing film [37]. To fabricate the sensing film, thin 

film deposition techniques have been adopted, which offer the ability to 
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control the sensing film thickness on the nanometer scale. This capability is 

significant, as the penetration depth of light in fiber-optic sensors is usually 

in nanometer scale. In addition, it offers an approach to use optical responses 

of optical fiber to sense external stimulus. Some typical sensing film 

deposition techniques include Langmuir–Blodgett (LB) technique, self-

assembled monolayers (SAM) , and layer-by-layer (LbL) self-assembly 

methods [37]. 

Table 2.1 Summary of different types of fiber-optic RI sensors: fiber types, principle, 

sensitivity and scheme. 

Fiber 

types 
Principle Sensitivity 

RI 

Range 
Scheme Ref 

LPG 
RI 

modulation 

160 

nm/RIU 

1.3-

1.45 

 [66] 

TOF 
evanescent 

field 

6008 

nm/RIU 

1.337-

1.347 

 [67] 

F-P 
optical  

path 

1130.887 

nm/RIU 

1.333-

1.395 

 [68] 

LSPR 
collective 

oscillation 

914 

nm/RIU 

1.33-

1.4 

 [69] 

TCFMI 
mode 

mismatch 

138 

nm/RIU 

1.33-

1.39 

 [24] 
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2.2.2 Long Period Fiber Gratings RI Sensors 

Optical fiber long period grating (LPG) is a periodic modulation of the RI o 

of an optical fiber. It is usually fabricated by ultraviolet irradiation, and its 

period is typically in the range 100–1000 µm. The small grating wave-vector 

of the LPG enables the coupling of light from the guided modes of the fiber 

to cladding modes. Therefore, the transmission spectrum of a LPG consists 

of a number of attenuation dips according to different order modes [65]. 

Since cladding modes are sensitive to the surrounding RI change, so the LPG 

is an ideal candidate for biochemical sensors preparation by coating 

nanostructured sensing film on the surface. 

2.2.3 Tapered Optical Fiber RI Sensors 

Tapered optical fiber (TOF) has enhanced evanescent field and thus has great 

potential as optical biochemical sensors [64]. TOF can be fabricated through 

heating and drawn processes. TOF RI sensor is usually highly sensitive to 

surrounding medium through the evanescent field. Since the amount of 

evanescent field propagating in TOF depends on the RI difference between 

the TOF and the surrounding medium, one can even adopt output power as 

indication for detecting different kinds of analytes. 

2.2.4 Fabry–Perot Cavity RI Sensors 

Fabry–Perot (F-P) cavity based fiber-optic biochemical sensors can be 
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fabricated at the end-surface of optical fibers by depositing micro-structured 

sensing film. They have been demonstrated not only physical parameter 

measurements, including temperature, vibration and pressure [70], but also 

as low-cost, one-time biochemical sensors for e.g. ozone detection on Mars 

[71]. Using the optical fiber, one can directly use the fiber end-surface/film 

interface as the first mirror and the film/air interface as the second mirror. 

Thus the light launched into the fiber will form interference due to the F-P 

cavity. Once the target analyte changes the RI of sensing film, the 

interferometric fringe will shift due to the change of the effective optical path 

inside the F-P cavity. F-P cavity provides an ideal platform for sensor 

fabrication through engineering the RI or length of the cavity.  

2.2.5 Fiber-based Localized Surface Plasmon Resonance RI Sensors 

The localized surface plasmon resonance (LSPR) is an optical phenomenon 

generated by collective oscillations of electrons in metal nanostructures 

surrounded by a dielectric [72]. When a light irradiating on the metal 

nanostructures, a part of the incident photons is absorbed and the rest is 

scattered in different directions. Both absorption and scattering are greatly 

enhanced when LSPR is excited. If such a LSPR is excited on a fiber-based 

device, it will be extremely sensitive to RI change of surrounding mediums. 

2.3.6 Thin-core Fiber Modal Interferometer as RI Sensors 

Thin-core fiber modal interferometer (TCFMI) is an elaborate in-fiber 
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interferometer which can be quickly fabricated by fusion splicing a section 

of thin-core (2.5 m) optical fiber between two standard single-mode fibers. 

Due to the mode mismatch, high-order cladding modes will be excited in the 

thin-core fiber and then recoupled back to single-mode fiber to form inter-

modal interference. As the interference depends on cladding modes, its 

interferometric peaks are very sensitive to the surrounding medium’s RI 

change. The sensing performance of such a fiber device is quite close to 

LPFG, while its advantage is ease of fabrication. 

2.3 Optical Biochemical Sensors 

Nowadays, a stringent problem mankind is confronted with is the increasing 

number of new diseases. Therefore, it is extremely appealing to develop new 

approaches to assess the status of health condition, disease onset and 

progression, and treatment outcome. Moreover, it is anticipated to achieve 

early disease diagnosis for patient survival and prognosis of disease. 

Therefore, it is important to develop a robust and convenient way to assess 

the status of health condition, disease onset and progression, and treatment 

outcome. And the method for the monitoring must meet the basic 

requirement of non-invasive and cost-efficiency. In addition, it is crucial to 

achieve early disease diagnosis for patient survival and successful prognosis 

of disease, which means that a highly sensitive and specific technique must 
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be developed. Therefore, biosensors technologies, including electronic 

biosensors, electrochemical biosensors, mechanical biosensors and optical 

biosensors, have made significant progress in the past years [73].  

 

 

Figure 2.1 The applications of optical biosensors in the clinical field, such as protein 

detection [74], pH sensors [75], immunosensor [76], DNA tests [77], thrombin analysis 

[78], and glucose monitoring [79]. 

 

Recently, the demands for simple and disposable devices have been 

growing in the field of medical diagnostics. Moreover, the devices are 

desired to have the capabilities of fast response, biocompatibility, and ease 

of mass production. Optical biochemical sensors are very promising to meet 

those demands as optical signals are usually very sensitive to surrounding 

change and can be used for bio-sensing with very high precision. Fig. 2.1 

shows some demonstrated applications of optical biosensors in the clinical 
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field. Particularly, fiber-optic sensors are promising to be integrated into 

microfluidic channels for biochip fabrication because of their small size. It 

has been demonstrated that fiber-optic biochemical sensors can be used as 

the point-of-care biosensors for biological parameter analysis in vivo, such 

as DNA, glucose, pH, antibody, cell and so on. 

2.3.1 Optical pH Sensors 

pH of a solution is defined as: 

                       pH = − log[𝐻+] 

where [H+] is the concentration of protons in the solutions. pH plays an 

important role in many applications, including medicine, environmental 

sciences, food science, agriculture, biotechnology, and the biological fields. 

For instance, the activities of enzymes depend on the pH of surrounding 

environments, the functions of cells are modulated by the pH, and pH of 

tissue is also a key physiological parameter, indicating the healthy conditions 

of the body [80]. Therefore, real-time pH monitoring is much desired for 

medical diagnosis and treatment.  

Though the electrochemical pH sensors have been widely applied in 

many fields, they are usually too bulky for medical applications, especially 

for real-time monitoring. To solve the problem, optical methods have been 

proposed for pH sensing. Lee et al. [81] fabricated pH sensing multilayer 
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film by LbL self-assembling of poly (acrylic acid) (PAA) and poly 

(allylamine hydrochloride) (PAH), which contains pH responsive dyes,1-

hydroxypyrene-3,6,8-trisulfonate (HPTS). By measuring the fluorescence 

emission spectra of the film, pH change from 1 to 13 could be detected.  

Although the sensor showed wide pH detection range, it is not suitable for 

biomedical use. Miesenbock et al. [82] demonstrated to use optical indicators 

for pH sensing to monitor vesicle exocytosis and recycling process. They 

developed pH-sensitive mutants of green fluorescent protein, which they 

called ‘pHluorins’, by structure-directed combinatorial mutagenesis. The 

green fluorescent protein, which has a bimodal excitation spectrum, was 

attached to different mutants. Their results showed that the protein displayed 

excitation ratio change with pH from 5.5 to 7.5, reversibly, due to the pH 

induced protonation–deprotonation process. They tested the pH values of 

endosomes and trans-Golgi network through excitation spectrum (Fig. 2.2). 

Though this kind of optical pH sensors exhibited good performance for 

biological measurements, it is still not suitable for in vivo tests as the leakage 

of dyes, the harm of UV light and the large size of instruments for the tests.  
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Figure 2.2 pH measurements with ratiometric pHluorin in HeLa cells. a, Calibration curve 

of R410/470 (mean±s.d.). Cells expressing GPI-anchored ratiometric pHluorin at their 

surface (n=28) were imaged in buffers adjusted to pH values between 5.28 and 7.8. b–d, 

ratiometric pH measurements in subcellular compartments, colour-encoded according to 

the look-up table on the right. Targeting modules used: b, GPI anchor for delivery to the 

cell surface (at pH 7.40); c, cellubrevin for sorting to endosomes; d, TGN38 for 

localization to the trans-Golgi network. Scale bar, 10 µm [82]. 

 

Fiber-optic pH sensors have potential to solve the problem due to 

their small size and biocompatibility. Many efforts have been devoted to 

developing fiber-optic pH sensors by adopting new materials or novel type 

of fiber devices. 

Commercial organic dyes are sensitive to pH and can be immobilized 

in gels and deposited on the optical fiber for fabrication of fiber-optic pH 

sensors. Beltran-Perez’s group [83] developed fiber-optic pH sensors by 

depositing a TiO2 doped with organic dyes (brilliant green, rhodamine 6G, 

rhodamine B and coumarin) sensing film on the end-surface of a multimode 

fiber. The sensor was able to detect a wide range of pH change, covering 
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from 2 to 12, by using the evanescent wave absorption variations. In another 

report, Dong et al. [84] immobilized a mixture of three pH sensitive 

indicators (cresol red, bromophenol blue and chlorophenol red) on an unclad 

fiber surface (the fiber was etched with HF solution to 60 μm in diameter) 

for pH sensing. The results showed that the transmitted power of the sensor 

changed linearly with pH varying from 4.5 to 13. Moreover, the response of 

the sensor is very fast, about 5s.  

Though fiber-optic pH sensors organic using dyes show good 

performance, the spectra are usually too wide to detect tiny pH change. 

Quantum dots (QDs), as inorganic dyes, show very narrow emission peak. 

Maule et al. [85] synthesized mercaptopropionic acid capped CdTe QDs and 

deposited the QDs hybrid etraethoxysilane and phenyltriethoxysilane gels on 

the end-surface of optical fiber for pH sensing. The QDs had an emission 

peak at 635nm and its wavelength shifts with pH change. Its pH detection 

range was from 4.8 to 11. Kim’s group [9] reported the near infrared QDs 

deposited on tapered optical fiber for pH sensing. A very wide pH range from 

2 to 12 was demonstrated in the experiments. 

One of the potential issues of the dye-based fiber-optic pH sensors is 

the dye leakage. Thus, it is necessary to fabricate fiber-optic pH sensors 

without dyes. One of promising solution is to use functional polymeric film 

to develop optical fiber pH sensors. In the thesis, we will design novel fiber-
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optic pH sensors by using micro-/nano-structured sensing film without dyes.   

2.3.2 Optical Metal Ion Sensors 

Heavy metals are essential to our body in small dose, such as copper, zinc 

and iron. However, they will become harmful or even fatal if too many heavy 

metals exist in the body [86, 87]. For example, Hg2+, Pb2+ and As3+ ions will 

affect the central nervous system, Cu2+, Cd2+, Hg2+ and Pb2+ have influence 

on the health of kidneys or liver, and some ions (Ni2+, Cu2+, Cd2+ and Cr3+ 

ions) will cause disease on the skin, bones and teeth. Moreover, the heavy 

metals will accumulate in the body without degrading. Therefore, it is 

desired to monitor the maximum contaminant levels in drink water by using 

metal ions sensors.  

 

Figure 2.3 A) Description of the optical mercury sensing mechanism. B) UV-vis 

absorption spectra, and C) fluorescence spectra of aqueous solutions of PMNT (a), MSO-

PMNT (b), Hg2+-MSO-PMNT (c), and Zn2+-MSO-PMNT (d). The metal ion 

concentrations are 450 µM, 25 µM, and 2.5 µM in B and C respectively, and that of 

PMNT is 1.7 µM on a monomeric-unit basis [88]. 
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Liu et al. [88] proposed a “mix-and-detect” optical methods for 

mercury ions detection. They fabricated an optical Hg2+ sensor using a water-

soluble conjugated polymer, poly (3-(3’-N, N, N-triethylamino-1’-

propyloxy)-4-methyl-2, 5-thiophene hydrochloride) (PMNT) and a mercury-

specific oligonucleotide (MSO) probe. The MSO probe contains many 

thymines (T) and can form a stem-loop structure in the T–Hg2+–T 

configuration with the existence of target Hg2+ ions. The PMNT can bind to 

Hg2+-free MSO and Hg2+–MSO complex, and exhibits different fluorescence 

spectra (Fig. 2.3). The fluorescence intensities depend on Hg2+ concentration. 

Therefore, the sensor can detect Hg2+ in the concentration range from 0 to 1 

mM. 

However, conventional metal ions sensors are not suitable to be used 

in human bodies for clinical test. So it is much appealing to develop small 

sensor that is safe to human bodies. Due to its compactness and high 

sensitivity, fiber-optic sensors have been considered as a promising solution 

for trace metal ions detection in body. 

Based on the quenching of fluorescence dyes, optical fibers have 

been used as a light propagation waveguide to develop optical metal ion 

sensors. Ueberfeld et al. [89] prepared permeation liquid membrane, and 

used it as both separation and preconcentration membrane for Cu2+ detection. 

The fluorescence intensity change caused by copper ions concentration was 
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detected via multimode optical fibers. Cu2+ concentration of 50 nM can be 

detected.  

Besides, QDs and carbon dots have also been adopted for metal ions 

detection. Sung et al. [90] synthesized hydrophobic CdSe/ZnS QDs and 

encapsulated them into silica shell. After mixing with polyvinyl alcohol and 

depositing on the tip of optical fiber, a linear growth of fluorescence intensity 

with Cu2+ concentration was achieved in the concentration range from 0 to 

10 µM. Its detection limit is 0.09 µM.             

Moreover, biological methods have also been proposed for metal 

ions detection. For example, Long et al. [4] developed an optical fiber DNA 

probe by depositing a sequence of T-T mismatch pairs. Probe DNA chain 

containing a short oligonucleotide sequence can hybridize with the 

complementary DNA chain labeled with a fluorescent. The mismatched pairs 

could bind with Hg2+ ions and formed a T-Hg2+-T complex by folding the 

DNA segments into a hairpin structure, and thus weaken the fluorescence 

signal. Such a fiber-optic sensor can detect Hg2+ ions in the range from 0 to 

2000 nM, and its detection limit is 2.1 nM. Moreover, the sensor could be 

reused after treating with 0.5% SDS solution. 

Another way for trace metal ions detection is based on the swelling 

degree change of sensing film induced by metal ions. Therefore, the RI of 

sensing film will also change, which can be monitored by using e.g. TCFMI 
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sensors. With LbL self-assembly technique, P4VP and PAA can be deposited 

on the surface of TCFMI by hydrogen bonding [91]. The sensing film will 

be complexed with many kinds of heavy metal ions. It was demonstrated the 

Fe2+, Cu2+, and Zn2+ detection, with a range from 10 nM to 0.1 M. The 

detection limit reached to be 9.6 nM. The sensors could be regenerated by 

treatment with ethylene-diamino-tetraacetic acid. But they did not have 

selectivity.  

In order to improve selectivity of the sensor, another kind of fiber-

optic Hg2+ sensor was developed by depositing poly (N-ethyl-4-

vinylpyridinium chloride) (P4VP.HCl) and poly (sodium-p-styrenesulfonate) 

(PSS) ultrathin sensing film on the surface of TCFMI [5]. The sensor 

exhibited high selectivity towards Hg2+ ions, and its detection limit and 

response time are 1 nM and 30 s, respectively. 

2.3.3 Optical Glucose Sensors 

Diabetes mellitus is a kind of worldwide health problem induced by 

endocrine disorder of carbohydrate metabolism. It was reported by the World 

Health Organization that the number of diabetic patients will increase to be 

about 366 million by 2030 [92]. More importantly, many kinds of diseases 

are usually derived from diabetes, such as kidney failure, heart disease and 

blindness [93]. The main causes of the disease are hyperglycemia and insulin 
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deficiency in human bodies. Those two parameters can be measured by using 

blood glucose (GO) concentrations, with a normal range of 2-30 mM [94]. 

Therefore, it is very valuable to monitor the concentration of GO in human 

body for the diabetes mellitus prevention and treatment. 

The first GO biosensors was proposed by Clark and Lyons in 1962 

[95]. Thereafter, many kinds of high performance GO biosensors have been 

reported. However, most of those GO biosensors are based on 

electrochemical principles which might induce electroactive interference 

with some endogenous reducing species, such as ascorbic and uric acids and 

some drugs (e.g., acetaminophen) [93].  

In order to exclude the influence of those interferences, Holtz et al. 

[96] fabricated a polymerized crystalline colloidal arrays (PCCA) based GO 

sensor. A three-dimensional periodic CCA of highly charged polystyrene 

spheres (100 nm in diameter) was adopted as the reporter. Glucose oxidase 

(GOD) was attached on those PCCA, with a spacing of 25 nm between 

enzymes. Based on Bragg’s law, PCCA will swell and induce a redshift of 

the diffraction when GO reacts with GOD. Using such a sensor, the GO with 

concentration from 0.1 mM to 0.5 mM can be detected (Fig. 2.4). Besides, 

Tokarev et al. [79] fabricated pH responsive ionically cross-linked alginate–

gelatin complex containing Ag nanoparticles for LSPR detection. The 

reaction of GO with GOD generates the gluconic acids which influence the 
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swelling property of alginate–gelatin complex film. Consequently, the 

induced change of the distances between Ag nanoparticles causes a shift of 

LSPR spectra. The detect limitation of the demonstrated GO sensor is 0.1 

mM.  

 

 

Figure 2.4 Visible extinction spectra showing how diffraction depends on the glucose 

concentration for the 125-mm-thick PCCA glucose sensor [96]. 

 

Unfortunately, those optical sensors are not suitable for in vivo tests 

and their fabrication costs are relatively high. In order to overcome those 

limitations, Corres et al. [97] demonstrated an optical fiber GO sensor 

through depositing enzyme glucose dehydrogenase (GDH), PEI and PSS 

multilayer sensing films on a tapered fiber. With NAD+, GDH can catalyze 

glucose into NADH which has absorbance and fluorescence peaks at the 

wavelength of 340 nm and 450 nm, respectively. Both the absorption and 
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fluorescence spectral peak can be used to detect GO concentration. Saxl et 

al. [98] reported Badan (an environmentally sensitive fluorophore) labelled 

glucose/galactose binding protein can be attached onto Ni–nitrilotriacetic 

acid-functionalized agarose. The agarose was deposited on the end surface 

of the multimode fiber. It was observed that fluorescence lifetime increases 

with the GO concentration which can be used to detect GO concentration in 

the range from 1 mM to 100 mM. 

Hydrogels’ GO dependent swelling/deswelling transition can also be 

used for development of fiber-optic GO sensors. Tierney et al. [17] 

demonstrated a fiber-optic GO sensor by depositing hydrogel containing 3-

phenylboronic acid and a tertiary amine, dimethylaminopropylacrylamide, 

on the head of an optical fiber. Using an interferometric technique, the 

swelling induced change of optical length can be precisely measured. Such 

a fiber-optic GO sensor can detect the concentration change ranging from 0 

to 8 mM, and its response time is around 10 min. 

Though fiber-optic GO sensors have good performance on GO 

sensing, relatively large amount of blood is usually consumed in the 

measurement. To solve the problem, we will develop a novel fiber-optic GO 

sensor with low detection limit and integrate it into a microfluidic channel 

for biochip fabrication, see Chapter 6. 
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2.3.4 Optical DNA Sensors 

Deoxyribonucleic acid (DNA) is a kind of nucleic acid. It plays a very 

important role in the clinical tests and genetic engineering, because many 

diseases are induced by the sequence disorder of DNA. Thus, lots of efforts 

have been devoted to developing DNA sensors in the last decades [99]. The 

demonstrated approaches for DNA detection include electrochemical 

methods, QCM methods, mechanical methods, and optical methods. Among 

them, optical DNA biosensors provide a convenient way for DNA detection.  

Gaylord et al. [100] synthesized a cationic water soluble conjugated 

polymer (CP), poly (9,9-bis(6’-N, N, N-trimethylammonium)-hexyl)-

fluorene phenylene) which can be complexed with DNA chains based on 

electrostatic force. Since peptide nucleic acid (PNA) strand cannot be 

complexed due to its neutral property, it was labeled with a dye and then 

mixed with CP in aqueous solution. Therefore, when the fully matched 

ssDNA chains are added into the solution, those molecular chains can attach 

with each other, where CP complexes with ssDNA based on electrostatic 

force and PNA labeled with dye hybridizes with ssDNA. Consequently, the 

emission intensity will be enhanced due to Forster energy transfer (FRET) 

from CP to the dye. For the ssDNA chains that are not matched with PNA 

chain, the emission spectra have no change. Based on this principle, the DNA 

sensor can be fabricated for hybridization detection. However, this approach 
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can only detect whether the base sequence of ssDNA chains match with the 

probe PNA, but cannot reveal the concentration information of ssDNA. Zhao 

et al. [77] used ssDNA chains modified silica colloidal crystal beads (SCCBs) 

to fabricate photonic crystal sensors. When ssDNA chains hybridize with the 

probe ssDNA on the SCCBs, the swelling degree of hydrogels will change 

and thus induce a shift of peak wavelength of Bragg diffraction. The 

fabricated sensor can detect ssDNA with different concentration from 1 pM 

to 1 mM (Fig. 2.5). 

 

Figure 2.5 a) Schematic diagram of the label-free DNA detection based on the DNA-

responsive hydrogel photonic beads. b) Bragg diffraction peak shifts of the DNA-

responsive hydrogel photonic beads incubated in their corresponding target DNA with 

different concentrations [77]. 

 

In order to fabricate miniature sensor for DNA detection, fiber-optic 

DNA sensors has been demonstrated and showed promising future for 

clinical application. ssDNA labeled with fluorescent dyes is commonly 
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employed for fiber-optic DNA sensor fabrication. Krull’s group [101] 

synthesized ethylene glycol derivatized thiazole orange dyes and linked them 

to ssDNA by covalent bond. The labeled ssDNA can enhance the 

fluorescence intensity by hybridizing with the complementary ssDNA. 

Based on this principle, they deposited the probe ssDNA onto an optical fiber 

for monitoring DNA hybridization. Niu et al. [102] synthesized a novel 

fluorescence indicator, Fe(phen)2·PHPIP·3ClO4·2H2O for development of 

DNA sensors. [Fe(phen)2·PHPIP]3+ can intercalate into dsDNA double helix 

structures, thus, they can be used as indicator for DNA hybridization. The 

labeled probe ssDNA was deposited on the end surface of optical fiber and 

used for detecting the concentration of target ssDNA. Their experimental 

results showed that the sensor could detect target ssDNA concentration 

ranging from 4.98×10−7 to 4.88×10−6 M and its detection limit is 1.08×10−7 

M.  

Moreover, some indirect labeled methods have also been suggested 

for development of fiber-optic DNA sensor. Zhang’s group [103] 

demonstrated to deposit DNA probe and biotinylated target linked with 

streptavidin labeled horseradish peroxidase (streptavidin-HRP) on the etched 

optical fiber. With the catalysis of HRP, a fluorescent indicator, bi-p,p’-4-

hydroxyphenylacetic acid was generated from 4-hydroxyphenylacetic acid 

(p-HPA). The target ssDNA can then be detected by monitoring the 
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fluorescence intensity. The sensor can detect low concentration of ssDNA 

from 1.69 pM to 169 pM and its detection limit is 1 pM.  

As labeled methods are usually not suitable for clinical use, label-

free methods have been attracted much attention in the field of fiber-optic 

DNA sensors. One of promising approaches to achieve this objective is to 

adopt optical fiber RI sensor for DNA sensing. In this thesis, we will develop 

a label-free fiber-optic sensor based on a self-assembled nanocoating for 

DNA detection. 

2.4 Summary 

In summary, optical approaches have been widely explored for 

sensors fabrication in the last several decades. Recently, fiber-optic 

biochemical sensors have attracted remarkable attentions for clinical 

applications due to their small size, low cost, biocompatibility and 

multiplexed detection capability. 

Many kinds of fiber-based devices have been exploited for 

development of optical biochemical sensors, such as long period grating, 

fiber Bragg grating, tilted fiber Bragg grating, multimode or few mode fibers, 

tapered optical fibers, fiber based F-P cavity, microstructured optical fibers, 

and side-polished optical fibers. Although lots of efforts have been devoted 

to adopting labeled methods for development of biochemical sensors, few of 
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them are applicable for real clinical DNA and GO detection.  

To overcome those issues, optical fiber RI sensors have been 

proposed to develop label-free biochemical sensors. After immobilized with 

different kinds of sensing films, these optical fiber RI sensors can be further 

developed to different kinds of sensing applications, including gas, ions, pH, 

humidity, dopamine, DNA, antigen, glucose and other biological species. 

Various film deposition techniques, e.g. monolayer self-assembly, layer-by-

layer self-assembly, chemical vapor deposition, have been demonstrated to 

immobilize numerous polymer materials for development of fiber-optic 

biochemical sensors.  

Moreover, fiber-optic sensors have advantages of rapid, remote, 

multiplex, in-line or on-line sense capabilities. Therefore, it is very appealing 

to develop novel low-cost and high-performance fiber-optic biochemical 

sensors. The trends of the development of fiber-optic biochemical sensors 

include: 1) fabricate high performance fiber-optic biochemical sensors by 

using novel optical fiber devices and new sensing mechanisms; 2) develop 

novel fiber-optic biochemical sensors using new sensing coating materials to 

detect more analytes, especially for clinical tests; 3) miniaturize fiber-optic 

sensors and integrate them into microfluidic chip to develop multiple 

functional biochips for practical clinical use. 
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Chapter 3   

Fiber-optic pH Sensors Based on Self-assembled Monolayer 

Nanoporous Sensing Coating 

In this chapter, a cationic polymerized ionic liquid (PIL), named poly [3-

cyanomethyl-1-vinylimidazolium bis(trifluoro methanesulfonyl)imide] 

(PCMVImTf2N), was synthesized and mixed with poly (acrylic acid) (PAA) 

to form nanostructured polyelectrolyte complex (PEC) film. The 

nanostructured film was coated on the surface of thin-core fiber modal 

interferometer (TCFMI) to fabricate the fiber-optic pH sensors by self-

assembly monolayer technique, taking the advantages of nanoporous in the 

film. These kinds of pH sensors showed high performance in terms of their 

sensitivity and response time, due to the large thickness of sensing film and 

nanoporous structure. The sensing principle of the sensor can be explained 

by the swelling degree variation of sensing film with the pH solutions.  

3.1 Introduction 

Fiber-optic pH sensors have been widely studied as they have significant 

advantages over commercially available pH electrodes, including anti-

interference to electromagnetic waves and high signal-to-noise ratio [104].  

In addition, fiber-optic pH sensors also have great potential for clinical tests 
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because of their small sizes, biocompatible property, low-cost and multiplex 

detection capability [25].  

So far, most fiber-optic pH sensors have been developed by adding 

pH indicators into the sensing gels [83, 84, 105, 106]. These fiber-optic pH 

sensors have some disadvantages, such as the loss of pH indicators after 

many test cycles and quenching of indicators by the interference materials 

[83, 84, 107]. To overcome the problems mentioned, the TCFMI based pH 

sensors have been suggested [7, 24, 25, 108]. These sensors are based on the 

swelling degree change of sensing film with the pH solutions. The variation 

of the sensing film could be reflected by the TCFMI, which is sensitive to 

the refractive index (RI) change of surrounding conditions. Though these 

sensors have shown good performance in pH monitoring, their performance 

displayed a trade-off phenomenon, that is, higher sensitivity with slower 

response or faster response with lower sensitivity. To break out the trade-off 

phenomenon, we propose to fabricate sensing film with larger thickness and 

nanopores, which can achieve large swelling degree while provide a channel 

for the solution flowing into the sensing film. 

Porous polymeric films have been attracting researchers’ interests for 

many years because they can provide a multifunctional platform for 

fundamental research and many practical uses [109-122]. From this point, 

porous polyelectrolyte membranes (PPMs) are very appealing as they can 
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introduce additional charges in the membrane. In addition, the PPMs have 

high stability in mechanical and chemical aspects, which make them 

versatile for devices fabrication and many other attractive applications, such 

as controlled release, separation, catalyst supports, bio-interfacing and 

sensors, just to name a few [123-125].  In addition, the ionic property of 

polyelectrolytes makes them suitable for biological application. So we will 

suggest a simple and efficient way for nanoporous PEC preparation and 

nano-engineering it for fiber-optic sensors fabrication. PEC sensing film can 

be prepared by electrostatic complexation between a cationic PILs and a 

polyanion, PAA. By coating the nanoporous PEC sensing film on the TCFMI 

via self-assembly method, fiber-optic pH sensors can be fabricated (Fig. 3.1 

shows the scheme for sensor fabrication process), as the sensing film is 

sensitive to the pH change. The chemical structures of PCMVImTf2N and 

PAA are given in the inset of Fig. 3.2. 

 

 

Figure 3.1 Process for the nanoporous sensing film based TCFMI pH sensor fabrication.  
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3.2 Nanoporous PEC Film Formation  

3.2.1 Preparation of Nanoporous PEC Film 

1.0 g PCMVImTf2N PIL and 0.18 g of PAA (MW = 2000) were dissolved in 

dimethylformamide (DMF) to form homogeneous solution, which was 

subsequently casted onto a cleaned glass plate, dried at 80 oC for 1h, and 

soaked in 0.2 wt% aqueous ammonia (pH=10.8, 20 oC, 2 h). After the 

soaking step, a yellowish and flexible free-standing membrane can be easily 

detached from the substrate. The PAA and PEC complex are characterized 

by FT-IR spectra (BioRad 6000 FT-IR spectrometer; samples were measured 

in solid state using a Single Reflection Diamond ATR). Fig. 3.2 shows the 

FT-IR spectrum change of PAA before and after forming complex with 

PCMVImTf2N. It can be seen that the peak for -COO- appears after the 

treatment of film, which provides anions to form complex with PILs. The 

new peaks also indicate that the PEC complex has formed. The process of 

nanoporous PEC film fabrication is given in Fig. 3.3 (a) and the nanoporous 

PEC films are also shown in Fig. 3.3 (Scanning electron microscopy (SEM) 

was performed on a GEMINI LEO 1550 microscope at 3 kV). 
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Figure 3.2 FT-IR spectrum of PCMVImTf2N-PAA complex membrane (red) and PAA 

polymer (black). The inset shows chemical structures of PCMVImTf2N and PAA used for 

nanoporous film preparation. 

 

 

Figure 3.3 Preparation (a) and photographs (b) of nanoporous polyelectrolyte membrane 

made from PAA and PILs mixture solutions. (c) A representative SEM image of the cross-

section area of the as-synthesized PPM. (d) SEM image of the nanoporous morphology 

observed in zone II in (c). 

3.2.2 Nanopores Formation in the PEC Film 

After treating the film with 0.2 wt% aqueous ammonia, the PEC was formed 

due to charging of the acrylic acid moieties. And during the PEC formation 
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process, the film was restructured on the nanoscale level. Finally, stable 

nanopores were formed within the film. In addition, the nanoporous PEC 

film is very flexible with high mechanical stability. 

The nanoporous PEC film formation follows such a process: aqueous 

ammonia solution is in contact with the film surface and diffuses into the 

polymer matrix, deprotonating the carboxylic acid groups (COOH) of the 

PAA chains into carboxylate groups (COO-NH4+). As a result, it triggers an 

in-situ ionic complexation of PAA with surrounding PCMVImTf2N chains 

to build up the electrostatically cross-linked network film. Driven by this 

intrinsically spontaneous ionic complexation process, the polymer chains re-

arrange themselves in the polymer matrix to achieve a high degree of charge 

complexation, which is only possible in a nanoporous state. Indeed, 

fluorescent confocal laser scanning microscopy (Fig. 3.4 (b)) was used to 

visualize the diffusion of Rhodamine B-labelled aqueous ammonia into the 

membrane cross-section. And the time dependent SEM examination also 

supports that large pore in zone I develops in the early stage of soaking while 

at the same time Zone II remains dense (Fig. 3.4 (c) ~ (d)). In later stages, 

zone I develops into its final macroporous morphology, while the nanopore 

system grows down into Zone II with increasing soaking time (Fig. 3.4 b).  
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Figure 3.4 (a) A cartoon illustrating the diffusion of aqueous ammonia into the membrane, 

(b) fluorescent confocal laser scanning microscopy of the PPM cross-section after being 

soaked for 2 h in 0.2 wt% aqueous ammonia doped with 15 ppm of Rhodamine B. (c~e) 

Time-dependent cross-section structures of the membrane soaked in 0.2 wt% aqueous 

ammonia for 10, 25, and 50 min, respectively. Scale bar of the insertion is 100 nm. 

3.3 TCFMI pH Sensor Based on Nano-structured Sensing Coating 

3.3.1 TCFMI pH Sensor Fabrication by Self-assembly Monolayer Technique 

The principle of the TCFMI sensor is based on the RI sensitivity of its 

transmission spectrum formed by multimode interference. The cladding 

modes of the fiber are excited because of the mode mismatch at the first 

hetero-core interface. And they will interfere with the core mode at the 

second hetero-core interface. As a result, they couple back to the core mode 

in the output single-mode fiber. A scheme for the light transmission path and 

RI sensing principle is given in Fig. 3.5. The dips observed in the output 

spectrum was caused by destructive interference and can be described as:  
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where
co

effn
 is the effective index of the core mode, 

jcl

effn ,

is the effective index 

of the j-th order cladding mode, next is the RI of the surrounding medium, L 

is the length of the inserted fiber, D is the wavelength of the transmission 

dip, and k is an integer. As the effective index of the cladding mode depends 

on the external RI, the spectrum dip will shift with external RI changes. Such 

a TCFMI-based sensor can be fabricated as a biochemical sensor if an 

appropriate sensing film is deposited on the surface of TCFMI. 

 

Figure 3.5 Scheme for the sensing principle of TCFMI based RI sensor. 

 

The TCFMI RI sensor fabrication process is as follows: the TCFMI RI 

sensor can be quickly fabricated by fusion splicing a commercial 1.5 cm long 

thin-core optical fiber section (Nufern 460-HP, core diameter of the fiber is 

2.5 m, and the cutoff wavelength is ~450 nm) between two standard single-

mode fibers. As we reported before [24, 25], the TCFMI is sensitive to RI 

change of surrounding environment. TCFMI pH sensors can be fabricated 

by coating nanoporous PEC sensing film on the surface of the TCFMI fibers. 

TCFMI pH sensors fabrication by monolayer self-assembly technique: 
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TCFMI fiber was treated with piranha solution (8:2 v/v mixture of 

concentrated H2SO4 (98%) and 50% H2O2) for 20 min, followed by 

thoroughly rinsing with deionized water and drying with nitrogen. The fiber 

was then dipped into PCMVImTf2N and PAA blend solution for 1.5 h to coat 

a polymer layer onto the fiber surface by monolayer self-assembly method. 

Afterwards, the coated fiber was dried at 80 oC for 40 min, and soaked in 0.2 

wt% aqueous ammonia for 1 h. Then it was immersed into DI water for 10 

min.  

 

 

 

Figure 3.6 (a) Transmission spectrum of a optic fiber before (red line) and after (blue) 

being coated with nanoporous PEC film, (b) and (c) are porous morphologies of 

PCMVImTf2N-PAA PEC film coated on the fiber.  

 

Fig. 3.6 (a) shows the evolution of transmission spectra for TCFMI, 
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before and after the PEC sensing film coating by dipping the fiber into the 

PCMVImTf2N-PAA blend solution for 1.5 h. It can be seen a red shift 

happens after depositing the PEC sensing film, with the wavelength change 

of 7 nm. The change can be attributed to the RI increasing as the sensing film 

displacing the air surrounding the TCFMI. It also proves that the PEC 

sensing film has been successfully coated on the surface of TCFMI. In 

addition, the surface morphologies of PEC film have also been tested after 

depositing it on the TCFMI. Fig. 3.6 (b) and (c) show the morphologies of 

PCMVImTf2N-PAA film on the surface and at the cross section, respectively. 

It can be seen nanoporous appear both on the surface and inside the film. It 

suggests that the nanoporous PEC film can form, independing on the 

substrate. As a result, the TCFMI based pH sensors have been successfully 

fabricated. 

3.3.2 Dipping Time Effect  

We first fabricated the TCFMI based pH sensors by dipping the fiber into 

PCMVImTf2N-PAA blend solution for 3 h. The sensor was tested by 

connecting the sensor with optical spectra analyzer (OSA) and broadband 

light source. The interferometer peak could appear on the OSA. The sensors 

were tested with different pH solutions from 2 to 10.  

The results for the sensors’ performance are given in Fig. 3.7. It can 
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be seen the wavelength has almost no change with pH increasing, neither in 

the acidic region nor in the alkaline region. The results indicate that no or 

little nanoporous PEC sensing film have formed on the surface of TCFMI. 

So the fiber has no response to pH values change. The reason is that with too 

long time dipping, the film may be redissolved by DMF. So it is necessary 

to decrease the dipping time during the sensors fabrication. 

 

  

Figure 3.7 Wavelength evolution of TCFMI based pH sensors (with nonoporous PEC 

sensing film, dipping into PCMVImTf2N-PAA blend solution for 3 h) to pH: (a) pH 

change from 2 to 7; (b) pH change from 7 to 10. 

3.3.3 Testing of TCFMI pH sensor with Nanoporous Coating 

The TCFMI based pH sensors, dipping the fiber into PCMVImTf2N-PAA 

blend solution for 1.5 h, were fabricated. Performance of the freshly prepared 

fiber-optic sensor was also tested with increasing pH values from 2 to 10. As 

observed in Fig. 3.8, the transmission wavelength of the TCFMI sensor first 

increases and then decreases linearly with pH before and after a turning point 
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at pH=7. This non-monotonic change of wavelength versus pH has been 

well-known in sensing devices reported in previous works [24, 25], because 

the electrostatic complexation is the strongest at neutral pH. The change of 

wavelength for the sensor is due to the swelling degree change with pH 

solutions. With the pH increasing from 2 to 7, the hydrophility of nanoporous 

PEC sensing film decreases. It is attributed to the deprotonation of COOH 

group of PAA leads to larger electrostatic force between PCMVImTf2N and 

PAA. As a result, the swelling degree of the PEC sensing film decreases. In 

other words, the RI of PEC sensing film increases with pH changing from 2 

to 7. So the wavelength shifted towards large wavelength. However, as the 

pH still increases, more surplus COO- groups appeare on the PAA chains, 

leading to the hydrophilicity of PEC sensing film increaseing. And the 

swelling degree of PEC sensing film also increases. That means the RI of 

sensing film decreases, and leads to the blueshift of the wavelength of the 

sensors. Consequently, the wavelength of the sensor reaches the largest value 

at pH=7 as it has the least swollen and the highest RI at this turing point. The 

spectra of TCFMI based pH sensor are shown in Fig. 3.8 in different pH 

solutions. The pH variation will change the refractive index of the sensing 

film, which thus alters the optical distribution of the excide cladding modes. 

Therefore, the light intensity coupled back from the thin-core optical fiber to 

the standard single-mode fiber will vary, which results in an alteration of the 
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amplitude of the interference spectrum. The sensitivity of the present TCFMI 

pH sensor is particularly high, 2.04 and -2.48 nm/pH unit in the acidic (2~7) 

and alkaline region (7~10), respectively. The sensitivity is much higher than 

other TCFMI based pH sensors reported before. And a comparation has been 

made in Table 3.1. The high sensitivity can be attribute to the large thickness 

of the sensing film.  

 

 

Figure 3.8 Wavelength change of TCFMI based pH sensors (with nonoporous PEC 

sensing film, dipping into PCMVImTf2N-PAA blend solution for 1.5 h) to pH: (a) pH 

change from 2 to 7; (b) pH change from 7 to 10. The inset gives the spectral evolution of 

TCFMI based pH sensor and the error bar is also given. 

 

The dynamic response of the sensor has also been tested. The sensor 

was alternatively immersed into pH solutions (pH=3.96 and pH=6.68). The 

results are shown in Fig. 3.9. Remarkably, the response of the sensor is very 

fast. For example, a stable signal is observed within 5 s only after varying 

pH from 3.96 to 6.68 (tr), and 12 s from 6.68 back to 3.96 (tf). The response 

is much faster than any other TCFMI based fiber-optic sensors, which 
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usually required tens to hundreds of seconds [24]. The fast response can be 

attibuted to the nonopores of the PEC sensing film, which provides a channel 

for pH solutions to fast diffusing into or diffusing out of the film.  

 

Table 3.1 Sensor performance (sensitivity and response time) of some other TCFMI pH 

sensors. It is seen that nanoporous PEC film sensor in this study is superior in terms of 

both the sensitivity and response time.  

 

Polymer coating Sensitivity a Response time Ref 

(PAH/PAA)25 0.32 nm/pH,     

−0.45 nm/pH 

Tr=120s;    Tf=200 s    [24] 

(PDDA/PAA)10 0.32 nm/pH,      

----- 

Tr=240 s;    Tf=160 s    [126] 

(PEC/PDDA)10 0.60 nm/pH ,     

−0.85 nm/pH 

Tr=30 s;    Tf=50 s      [25] 

(PDDA/PAA)10  0.25 nm/pH,      

------ 

Tr=20 s;    Tf=15 s          [126] 

PCMVImTf2N-

PAA 

2.04 nm/pH,     

−2.48 nm/pH 

Tr=5 s;    Tf=12 s This 

work 

Note: sensitivity in acid and base region, respectively. 
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Figure 3.9 Dynamic responses of the TCFMI pH sensor (with nonoporous PEC sensing 

film, dipping into PCMVImTf2N-PAA blend solution for 1.5 h) to pH change from 3.96 

to 6.68 forwards and backwards several times.  

 

The reversible performance of the sensor to pH changing from 2 to 10 

forwards and backwards is given in Fig. 3.10. As observed, the wavelength 

of the TCFMI based pH sensor has no or only a little change when immersed 

into the same pH solution again. And the change is within the error range. 

The PEC sensing film is very stable, and cannot be dissociated at the 

solutions within the specified range of pH values. It means that the sensor 

can be used for long time. Thus, we can make a conclusion that the sensor is 

able to be used repeatedly, with little degradation of its performance. It has 

great potential for real applications, such as for clinical diagnosis. 
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Figure 3.10 Reversible performance tests of TCFMI pH sensor (with nonoporous PEC 

sensing film, dipping into PCMVImTf2N-PAA blend solution for 1.5 h) by increasing pH 

from 2 to 10 and reversibly. 

3.3.4 Testing of TCFMI pH sensor with Nonporous Coating  

In addition, another TCFMI based pH sensor has also been fabricated by 

monolayer self-assembly non-porous PEC coating on the fiber, to compare 

with the nanoporous PEC film sensors. To control the experiment accurately, 

the sensor was also fabricated by dipping the sensor into PCMVImTf2N-PAA 

blend solution for 1.5 h and dried, but, without the 0.2 wt% aqueous 

ammonia treatment. 

Similarly, the sensor was tested in different pH solutions, also from 

2 to 10. The wavelength change with pH is displayed in Fig. 3.11. As we can 

see from the figures that the variation trend of nonporous PEC film to pH is 

the same with that of nanoporous PEC film. Also, the largest wavelength 
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reaches at pH=7. The sensitivity was calculated by fitting the data with linear 

relationship. The sensitivity of the nonporous PEC sensing film based 

TCFMI pH sensor is similar to that of the nanoporous PEC sensing film, 1.75 

and -2.82 nm/pH unit in the acidic (2~7) and alkaline region (7~10), 

respectively. It indicates that the thickness of sensing film, both nanoporous 

and nonporous, is also similar, and the monolayer self-assembly deposition 

method provides a repeatable way for sensor fabrciation. The spectra 

evolution of the sensors are shown in the inset of Fig. 3.11. 

 

 

Figure 3.11 Wavelength change of TCFMI based pH sensors (with nonporous PEC 

sensing film, dipping into PCMVImTf2N-PAA blend solution for 1.5 h) to pH: (a) pH 

change from 2 to 7; (b) pH change from 7 to 10. The inset gives the spectra evolution of 

TCFMI based pH sensor and the error bar is also given. 

Fig. 3.12 gives the dynamic response of nonporous PEC sensing film. 

The test was conducted by alternatively immersing the sensor into pH 

solutions (pH=3.96 and pH=6.68). The response times for tr and tf are 45s 
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and 120s, respectively. The dynamic response also suggests that the sensor 

has good repeatability. The response time of non-porous PEC sensing film is 

much longer, compared with nanoporous PEC sensing film. The slow 

response is due to the swelling/deswelling of sensing film needs long time 

[127], for the pH solutions diffusing into the sensing film very slowly. 

Therefore, the nanoporous PEC coating based pH sensor has better 

performance compared with nonporous PEC coating based sensor. And the 

former is more suitable for the real application, in terms of their performance. 

 

Figure 3.12 Dynamic responses of the TCFMI pH sensor (with nonporous PEC sensing 

film, dipping into PCMVImTf2N-PAA blend solution for 1.5 h) to pH change from 3.96 

to 6.68 forwards and backwards several times.  

3.4 Summary 

In summary, we introduced a template-free and scalable method to prepare 

hierarchically nanostructured PEC film in a simple film-casting and solution 
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immersion/activation procedure. The nanostructured film was adopted for 

fiber-optic pH sensors fabrication. The TCFMI fiber was coated with the 

nanoporous PEC sensing coating by monolayer self-assembly method. The 

sensor was capable of breaking the common “trade-off” rule in sensor 

applications, showing a superior pH sensing performance with a fast 

response (tr = 5 s, tf = 12 s) and high sensitivity (2.04 nm/pH unit, -2.48 

nm/pH unit). And we also compared the nanoporous PEC coating sensor 

with nonporous PEC coating sensor, the results showed that their sensitivities 

were similar, but the former gave very fast response due to the nanoporous 

property of the sensing film. So the nanoporous PEC coating pH sensor has 

greatly potential for application in biological fields.
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Chapter 4  

Optical Microfiber LPG pH Sensor Based on Micropatterned 

PAA Ionic Hydrogels 

In this chapter, a novel, rapid and maskless 3D printing technique based on 

a digital-micromirror device (DMD), called optical maskless 

setereolithography (OMSL) has been adopted to fabricate poly (acrylic acid) 

(PAA) ionic hydrogels microstructure arrays. The PAA ionic hydrogel 

microstructures were in-situ, periodically patterned to enclose 2-cm length 

tapered micro-fiber for fiber-optic pH sensor fabrication. The PAA 

microstructures were formed by photopolymerizing acrylic acid (AA) in the 

existence of photoinitiators. Various 2D and 3D complex microstructure 

arrays, including both concave and convex microstructures, were fabricated. 

The microstructure arrays were characterized by 3D laser scanning confocal 

microscope. The results indicate that microstructures with the size ranging 

from several to hundreds of micrometers can be fabricated by OMSL system. 

Moreover, these microstructure arrays could be rapidly fabricated on a large 

scale. Taking the advantages of our 3D printing technique, novel long-period 

grating (LPG) pH sensors were printed for the first time, using pH sensitive 

PAA hydrogels. The LPG pH sensors showed very high sensitivity and fast 

response.  
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4.1 Introduction 

pH is a key parameter for regulating the functions of different organs of 

human. For example, the activities of enzymes depend on the pH of 

surrounding environments, the functions of cells are modulated by the pH, 

and pH of tissue is also a key physiological parameter which indicates the 

healthy conditions of the body. Thus, pH sensor is necessary for monitoring 

the pH values of different parts in humans. Though electrochemical pH 

sensors have been widely used in many areas, they are too bulky to be applied 

in vivo. And the signals of electrochemical pH sensors are not very stable 

and calibrations are also needed before use, which is inconvenient for in vivo 

applications.  

To solve the problems mentioned above, fiber-optic pH sensors have 

been developed and shown great potential for clinical applications [84, 128]. 

However, fiber-optic pH sensors usually adopt organic dyes for pH sensing, 

which introduces another problem of dyes leakage. Therefore, LPG 

refractive index (RI) sensor provides a platform to achieve miniaturized pH 

sensor without dyes by coating pH sensitive nano-structured films [37].   

Chiang et al. [129] studied coating PVA/PAA sensing film on the surface of 

LPG for fiber-optic pH sensor fabrication. The pH sensor detected pH 

ranging from 2 to 6, with the highest sensitivity of 2.6 nm/pH. But they make 

the LPG by UV inscribing technique, which was time-consuming and 
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inconvenient. Dip coating [130] and CO2 laser machining [131] have been 

reported to fabricate tapered fiber based LPG, however, all of them involved 

“point by point” scribing processes, which limited the production efficiency. 

To solve the problem, ICP dry etching technique was proposed to fabricate 

LPG [132]. Though improving the efficiency, it still took many steps and 

long time to complete the fabrication process. In addition, all the LPGs 

fabricated were not chemical sensors or biosensors, while LPGs have great 

potential in sensors application. Ionic hydrogels, a subclass of hydrogels, are 

stimuli-responsive polymers, which are high water content and with swelling 

degree from several to hundreds of times [133, 134]. They are among the 

best candidates for sensors, because they can achieve the transduction from 

chemical signal to optical or electrical signals. 

PAA, as a kind of ionic hydrogel, has been studied a lot [135-152], 

especially as sensors [38, 91, 126, 127, 138, 141, 153-155]. And many 

studies have explored to pattern PAA ionic hydrogel, to extend its 

applications or improving its performance [146, 156-160]. Moreover, the 

high density of carboxylic acids makes it suitable for physical and chemical 

modification to form bio-functional surfaces, and thus, PAA has great 

potential to be deployed in rapidly emerging fields, such as biosensors and 

biomedical devices. 

In our study, we propose, for the first time, to rapidly pattern 3D 
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microstructure arrays of PAA ionic hydrogels by OMSL technique. And it is 

adopted to fabricate LPG on tapered optical fiber. Our PAA hydrogels based 

LPG itself is sensitive to environmental change, such as pH, without further 

surface modification by other functional materials. In addition, the sensor 

shows outstanding high sensitivity to pH change. Meanwhile, the PAA 

hydrogels based LPG sensors can be applied in vivo as PAA is biocompatible. 

4.2 Micropatterning of PAA Ionic Hydrogels 

4.2.1 Fabrication of PAA Microstructures  

The setup of OMSL used for microstructures fabrication is shown in Fig. 4.1 

(a). And the microstructures fabrication process is as follows: photoinitiator, 

2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 

was dissolved into AA with a concentration of 10 wt%. The solutions were 

first prepolymerized in the oven at the temperature of 110 oC for 5 minutes. 

Then an own-established OMsL setup was used for micropatterning process. 

With a spacer, a cover glass was placed upon the AA solution that was 

dropped on another glass slide. UV light will penetrate the cover glass and 

photopolymerize AA on the bottom side of the cover glass. The pre-designed 

microstructures were converted into own-defined image data and then loaded 

onto the DMD chip for generation of optical patterns. UV light source (365 

nm) was used in the OMsL setup for photopolymerization of AA solutions. 



Optical Microfiber LPG pH Sensor Based on Micropatterned PAA Ionic Hydrogels 

75 

The intensities of UV light for 2D and 3D microstructure patterning are 

103.12 mW/cm2 and 51.56 mW/cm2, respectively. The total exposure time 

is around 5 to 30 s. The exposed micropatterns were developed by using DI 

water and IPA, sequentially.  

The mechanism for the photopolymerization of PAA is given in Fig. 

4.1 (b). It can be seen that the photoinitiator is decomposed to generate 

highly active radicals with the UV light. In this way, the monomer, AA, 

reacts with the active radicals due to the double bonds are also active for the 

reaction. And the PAA can form in very short time as the radical 

polymerization is a fast way for polymer preparation. 

 

 

Figure 4.1 (a) Schematic diagram of the OMSL system: the UV light illuminates the DMD 

chip, and the generated optical pattern is projected on the photo-sensitive polymer for 

fabrication of microstructures. (b) The reaction process for the photopolymerization of 

AA in the presence of photoinitiator. 
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4.2.2 PAA Microstructures Characterization 

The microstructures were fabricated by irradiating the prepolymerized AA 

solutions through the OMSL system. It is important to prepolymerize the 

solution by heating. On one hand, the time for microstructures fabrication 

were very long (several minutes). On the other hand, the microstructures 

were not as we designed, for some parts were overexposure while some parts 

were not irradiated enough. By heating the solution in the oven for 

prepolymerization, fine microstructure arrays could be reached by OMSL 

technique in very short time. 

The microstructure arrays of PAA were characterized by 3D laser 

scanning confocal microscope (VK-X200, KEYENCE, manufactured in 

Japan). It was a non-contact scan. The magnification of lens used for 

scanning was 50×. Fig. 4.2 (a), (b) and (c) show some 2D microstructures 

with different line widths, ranging from 6 µm to 200 µm. The 2D 

microstructures are (a) lattice grid; (b) honeycomb pattern; and (c) our 

university logo. They are all fabricated in between 10 s and 20 s. It can be 

seen from the pictures that the surface of all microstructures are much 

smooth compared with other 3D printing hydrogels [161, 162]. However, the 

rims of microstructure are not so vertical due to the weak mechanical 

property of PAA hydrogel [163]. Experimental results reveal that the 

lithography process can quickly pattern complex microstructrues with 
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different feature sizes. Due to the inherent water-absorption property of 

hyrdogel, the joint points of thick microstructure will appear slightly swell, 

Fig. 2(c). 

 

 

Figure 4.2 Laser scanning confocal images of the 3D patterned PAA microstructures: (a) 

lattice grid; (b) honeycomb pattern; (c) PolyU logo; (d) flower-like microstructure; and 

(e) Hanoi-tower microarray. 

 

The advantages of OMSL system are the 3D microstructures fabrication 

without mask and the fast fabrication speed. So OMSL system is adopted for 

fabricating some more complex 3D microstructures. Though 

photopolymerization of PAA hydrogels have been reported before [142, 143, 

163, 164], 3D printing of them has not been studied so far. Fig.4.2 (d) and (e) 

show the 3D printed flower-like microstructures and Hanoi-tower microarray. 

Compared with 2D microstructures, those 3D microstructures need eo be 

exposured for longer time (around 30 s). The flower-like microstructure 
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contains 8 petals, and its height gradually decreases from the center. The 

whole size of such a 3D flower microstructure is 75 µm. The exposure time 

for Hanoi-tower is longer than that for 2D microstructures. It is composed of 

5 concentric rings with graded heights, and the size of a single microstructure 

is 200 µm. The surface of the fabricated 3D PAA microstructures are pretty 

smooth. Those results indicate that the OMSL technology is very promising 

to fabricate 3D PAA microstructures and devices.Though the time used for 

3D microstructures is longer than 2D microstructures fabrication, it is much 

more rapid than other 3D printing techniques [133, 165, 166]. The lateral and 

depth resolutions of the platform for patterning PAA are around 4.8 and 0.2 

μm, respectively. 

4.2.3 Swelling Properties of PAA Ionic Hydrogels in pH Solutions 

Four kinds of discoidal PAA ionic hydrogels were prepared using OMSL 

system, they were fabricated by controlling irradiation time: 5s, 7.5s, 10s and 

15s. These hydrogels were immersed into different pH solutions for 2 hours 

for each pH solution. After equilibrium, the mass of these samples was 

weighed. The swelling degree was calculated from the ratio of the mass of 

the hydrogel in the swollen and dried states based on the average from two 

measurements. It can be seen from Fig. 4.3 that the swelling degree of PAA 

ionic hydrogel increases with pH increasing from 2 to 7. Moreover, PAA 
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ionic hydrogels prepared with different irradiation time have different 

swelling degrees. The shorter time for ionic hydrogel preparation, the larger 

the swelling degree is. The phenomenon is due to the molecular weight of 

PAA is smaller in shorter time preparation than that in longer time, and the 

hydrophilicity is also larger [167, 168]. It is noteworthy that there is no 

significant difference for PAA micropatterns irradiated for 10 s and 15 s. It 

means that the molecular weight of the PAA micropattern irradiated for 10 s 

has become comparatively large, and longer-time irradiation will not lead to 

significant change of PAA molecular weight. 

 

 

Figure 4.3 Swelling degree change of PAA ionic hydrogel with pH increasing: the right 

pictures shows the microscopic pictures of discoidal PAA ionic hydrogels fabricated in 

10s: they are hydrogels immersed into pH=4 solution, pH=2 solution and dried hydrogels, 

respectively, from top to bottom. 

 

The inset of Fig. 4.3 gives scheme for swelling degree change with 

pH. As the pH increases, the -COOH group of PAA is deprotonated to 

become –COO- group, and the hydrophilicity of PAA ionic hydrogels also 
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increases with it [138, 154]. In other words, more water can diffuse into the 

hydrogels, leading to the swelling degree of the PAA ionic hydrogel 

increasing with pH. In addition, the swelling/deswelling transition is 

reversible though the time needed for the process is very long. 

4.3 Fabrication of PAA-LPG pH Sensor on Optical Microfibers 

4.3.1 3D Printing PAA Ionic Hydrogel on Optical Microfibers 

Tapered optical fibers were drawn by LZM-100 LAZERMaster™ Laser 

Splicing System (Fujikura Ltd., Japan). The tapered optical fibers are 

commercial single mode fibers (SMF-28e, Corning). The fibers were drawn 

to be 30 μm in diameter and 2 cm in length.  

To utilize the pH responsive behavior of PAA ionic hydrogel, the 

OMSL technique was used to in-situ fabricate PAA micropatterns, 

encapsulating a tapered optical fiber to develop highly sensitive optical pH 

sensors. Fig. 4.4 (a) shows the schematic diagram of the fiber-optic pH 

sensor. The standard optical fiber is tapered to enhance the sensitivity of the 

sensor, as shown in Fig. 4.4 (b). PAA micropatterns are periodically 

fabricated on the fiber surface to form a LPG device. In order to properly 

excite the resonant scattering of cladding modes at the wavelength of ~1430 

nm, the grating period of LPGs has been chosen to be 650 μm. The 

irradiation time for each PAA micropattern has been chosen to be 10 s to 
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ensure the repeatability of fabrication and a relatively large dynamic range 

of detection. Fig. 4.4 (c1 – c3) are the confocal microscopic images of three 

examples of PAA micropads patterned on a microfiber. The periods of the 

PAA gratings are all 650 μm, with duty cycles of 1:1. But the sizes of them 

are different, so we name them as LPG-X-Y, where X represents the size of 

each PAA grating, Y represents the duty cycle of the LPG grating, for short. 

Therefore, the devices from c1 to c3 are LPG-100-1:1, LPG-300-1:1, and 

LPG-600-1:1, respectively. One can see that the PAA ionic hydrogels have 

been precisely patterned to encapsulate the tapered micro-fiber for all these 

devices. The surfaces of the PAA patterns are very smooth and the grating 

pitches along the fiber are uniform. More importantly, the micro-fiber 

surface is totally encapsulated for each grating pitch, which is a key point to 

form the LPG. 

The transmission spectra of LPGs are measured by an OSA and a 

broadband light source. Experimental results reveal that the width of PAA 

micropatterns has significant influences on the spectra of the LPG devices. 

Fig. 4.5 shows the spectra of LPGs with different sizes of PAA ionic 

hydrogel grating pitch. It can be seen the LPG resonant peak becomes deeper 

and deeper with increasing the size of PAA ionic hydrogel. It indicates that 

LPG-600-1:1 is better for sensors, for the narrower loss band. Meanwhile, 

the central resonant wavelength appears blue shift with the PAA ionic 
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hydrogel size increasing. So the shape of the resonant peak can be adjusted 

by changing the size of PAA ionic hydrogel, which provides a convenient 

way to control LPG spectra. One can see that the OMSL is very flexible and 

able to pattern PAA ionic hydrogel to customize micro-structured device. 

 

 

Figure 4.4 (a) Scheme of the optical transimission path through PAA ionic hydrogels 

patterned tapered fiber. (b) Tapered optical fiber with a diameter of 30μm (2cm in length). 

(c) 3D microstructures of PAA ionic hydrogels gratings used for encapsulating tapered 

fiber: LPG-100-1:1 (c1), LPG-300-1:1 (c2), and LPG-600-1:1 (c3) fabricated by OMSL 

system in 10s measured with 3D laser scanning microscope. The inset pictures of (c) are 

microarray gratings taken by optical microscope. 

 



Optical Microfiber LPG pH Sensor Based on Micropatterned PAA Ionic Hydrogels 

83 

 
Figure 4.5 Micro-fiber LPG spectra evolution fabricated by PAA ionic hydrogels 

encapsulation with increasing the size of PAA ionic hydrogel grating pitch. 

4.3.2 Testing of PAA-LPG pH Sensors 

The fabricated fiber-optic pH sensors have been tested in the experiments. 

From the results in Fig. 4.5, it can be seen the device of LPG-600-1:1 shows 

much narrower loss band and its resonant peak is the deepest among the five 

devices. Thus, LPG-600-1:1 is chosen for pH sensing to enhance the signal-

to-noise ratio. The device was measured to sense the pH value ranging from 

2 to 7. Fig. 4.6 (a) shows the measured responses of LPG-600-1:1 sensor to 

different pH solutions. One can see that the central resonant wavelength of 

the sensor shifts to longer wavelength with the increasement of pH value 

from 2 to 7. It is because that the swelling of PAA ionic hydrogel will induce 

a decrease of RI [138, 153, 154, 169]. Consequently, the effective RI of the 

fiber cladding modes will also become lower as their evanescent fields exist 

in the PAA ionic hydrogel. Therefore, a red-shift of the resonant wavelength 
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will be induced as the effective-index difference between the fundamental 

guided mode and fiber cladding modes will increase. Meanwhile, the 

swelling of PAA micropatterns will induce a drop of strain in the microfiber. 

The measured sensitivity of the LPG pH sensor is 7.5 nm/pH, which 

significantly surpasses other reported fiber-optic pH sensors. The 

reversibility of the pH sensors has also been tested in the experiments. As 

shown in Fig. 4.7 (a), the difference of response of the sensor between the 

forward and backward changes of pH values is very small. Therefore, the 

sensor can be repeatedly used in pH sensing applications. 

 

 
Figure 4.6 (a) Dip wavelength shift with pH increasing of LPG-650-1:1 pH sensor and it 

can be reversibly responsive to pH change, forward and backward (The error bar is given 

in the figure). (b) Dynamic response of LPG-600-1:1 pH sensor to different pH solutions. 

 

The dynamic response of LPG-600-1:1 pH sensor is shown in Fig. 

4.6 (b). As the swelling transition time is proportional to the square of the 

gel pattern’s size [127] and there is significant difference before and after 

immersing into solutions, the micro-fiber LPG sensors have been pre-

immersed into DI water before testing. The OSA keeps sweeping with period 
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of 10 s during the testing. It can be observed that the response time of the 

sensor are 100 s and 130 s for increasing and decreasing the pH, respectively. 

Although the response time is not very fast (due to the diffusion and swelling 

process of the PAA hydrogel), it is much better than other reported pH 

sensors based on PAA ionic hydrogels [170]. 

The sensitivity of the sensor also depends on the size of PAA ionic 

hydrogel grating pitch. To further enhance the sensitivity of the sensor, we 

suggest patterning a larger PAA grating pitch. Therefore, LPG-1000-3:7 was 

fabricated. LPG-1000-3:7 pH sensor was tested by immersing into different 

pH solutions. The sensor was tested and the results are shown in Fig. 4.7. It 

can be seen that the detection range really becomes wider, from 2 to 7, by 

the LPG-1000-3:7 devices. Meanwhile, the wavelength shift is also similar 

with the other device. Fortunately, the sensitivity is significantly enhanced, 

reaching 16.7 nm/pH. But the response time becomes longer, about 120s.    

Compared with the pH sensor based on PILs, the detection range of 

the PAA-LPG pH sensor is relatively narrower (pH detection range is 2 to 

7). It is because that PAA hydrogel will be dissolved in high pH solutions. 

Fortunately, the pH value in human body is usually not high. Therefore, the 

sensor is still well suitable for potential clinical uses. 
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Figure 4.7 (a) Dip wavelength shift of LPG-1000-3:7 devices with pH increasing from 

pH 2 to 7. (b) Dynamic response of LPG-1000-3:7 pH sensor to different pH solutions. 

4.4 Summary 

In summary, a novel rapid and maskless 3D printing technique has been 

introduced to fabricate PAA ionic hydrogels microstructure arrays. Various 

2D and 3D complex microstructure arrays, including both concave and 

convex microstructures, were fabricated, with the sizes ranging from several 

tens to hundreds of micrometers. These microstructure arrays were 

fabricated in only 5 to 30s. And the pH sensitive PAA hydrogels were printed 

to enclose tapered fiber for LPG pH sensors fabrication. The pH sensors 

show very high sensitivity of 16.7 nm/pH. The response of the sensor can 

reach to be 70s. As the first 3D printed LPG pH sensor, it has great potential 

for in vivo test as PAA is biocompatible. 
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Chapter 5  

Fiber-optic DNA Sensor Based on Self-assembled Multilayer 

Sensing Coating 

In this chapter, a highly sensitive fiber-optic DNA sensor was fabricated for 

DNA hybridization detection. The nanostructured sensing film was coated 

on the surface of thin-core fiber modal interferometer (TCFMI) by layer-by-

layer (LbL) self-assembly technology. Poly (ethylenimine) (PEI), poly 

(acrylic acid) (PAA) and single-stranded DNA (ssDNA) were used for 

coating polyelectrolyte multilayer sensing film for DNA detection. The 

sensing film was characterized by atomic force microscope (AFM) and 

surface profilometer. The DNA sensors were tested in different ssDNA 

solutions with concentration of 1 μM. The results show that target ssDNA 

with different number of match bases can be identified by TCFMI DNA 

sensors. 

5.1 Introduction 

DNA sensor is one of the most important type among the many kinds of 

biosensors due to its crucial role in gene engineering, pharmaceutics and 

clinical medicine [64, 99, 171, 172]. So far, a large number of detection 

techniques have been developed for DNA detection, including 
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electrochemical method [173], fiber-optic method [174], fluorescence-

labeled method [175] and others [176, 177]. However, fluorescent-labels 

detection has the problems of limited life-time of fluorescence [64, 171] and 

the fluorescent signal is instable [178]. Moreover, the light sources are 

usually UV lights, which are harmful to the health of people [179-181].  

To solve those problems, label-free approaches have been developed 

to fabricate biosensors [171, 182, 183]. In particular, label-free fiber-optic 

biosensors have gained a great deal of research interests because of their 

advantages of small size, biocompatibility, multiplexed detection capability, 

and low-cost. All these features make them highly suitable for clinical and 

biological applications [184]. 

Many types of fiber-optic biosensor have been reported, such as 

fiber-optic biosensors based on surface plasmon resonance (SPR) [185, 186], 

long-period grating (LPG) [171, 182] and tilted fiber Bragg gratings (TFBG) 

[187]. However, these types of fiber-optic biosensors have complex 

architectures [188-190]. Thus, a TCFMI [178, 191], a kind of refractive 

index (RI) fiber-optic sensor, is adopted to fabricate the DNA sensor. TCFMI 

DNA sensors have simple structures. In addition, the TCFMI sensors also 

have the advantages of low fabrication cost, ease of preparation, low 

temperature cross-sensitivity and high RI sensitivity. Compared with the 

reported LPG or TFBG fiber-optic DNA sensors [171, 182, 187], the 
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TCFMI-based DNA sensors exhibit higher sensitivity for ultralow ssDNA 

concentration detection due to higher sensitivity to RI change. They are also 

convenient for preparation and potentially lower cost than SPR-based DNA 

sensors. 

However, to implement the TCFMI DNA sensor, a thin sensing film 

must be coated on the surface of TCFMI. It is known that the sensitivity of 

TCFMI depending on the thickness of sensing film [26]. Thus, the LbL self-

assembly technique would be particularly suitable for the sensing film 

preparation due to its flexible controllability and tunability of film thickness 

at nanometer scale [192]. It has also been reported that sensors prepared by 

LbL self-assembly method can overcome some disadvantages of the 

biomolecular labelling technique, e.g. the loss of biomolecular activity and 

the complexity [183]. 

Thus, LbL self-assembly technique is used to coat sensing film on 

TCFMI for DNA sensor fabrication. And the TCFMI DNA sensors are 

disposable after use because of low-cost, which provide convenience for 

clinical application. Moreover, the TCFMI-based DNA sensors could 

identify the number of different match bases, while most of previously 

demonstrated DNA sensors are just able to monitor the occurrence of 

matched DNA hybridization. 
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Figure 5.1 Scheme of LbL multilayers sensing film fabrication process: (a) the experiment 

process; (b) the mechanism for the multilayer film deposition. 

 

5.2 Sensing Films Fabrication by LbL Self-Assembly Technique 

5.2.1 DNA Sensing Film Preparation and Characterization  

The concentration of both positively charged PEI and negatively charged 

PAA were diluted to 2.0 g/L, with pH 9.5 and 3.0, respectively. The 

concentration of negative charged ssDNA was 1 M at pH 7.5, a 

physiological pH value, for both the sensing film fabrication and test 

solutions. The PEI, PAA and ssDNA multilayer sensing film was deposited 

on quartz slides (10 × 20 mm2) and TCFMI, respectively, by LbL 

electrostatic self-assembly technique. The fabrication process was as follows: 

substrates (i.e. quartz slides and TCFMI) were cleaned with piranha solution 

(8:2 of 95% H2SO4 and 50% H2O2), washed by large number of deionized 

water and dried with nitrogen, by which the negatively charged substrates 

could be reached. The substrates were then dipped into the positively charged 

PEI and negatively charged PAA solutions alternatively, each for 10 minutes 



Fiber-optic DNA Sensor Based on Self-assembled Multilayer Sensing Coating 

91 

at room temperature. The same process was repeated until 4.5 bilayers were 

built (one bilayer consists of one PEI layer and one PAA layer and is 

expressed as (PEI/PAA)1). The substrates were rinsed with deionized water 

for 1 minute in between the immersions in polycation and polyanion 

solutions to remove the excess adsorbed components, and dried with 

nitrogen. The substrates were then dipped into negatively charged ssDNA 

solution for 30 minutes, and immersed into PBS solution for 10 minute to 

remove the excess adsorbed ssDNA chains, and dried with nitrogen again. 

After these processes, (PEI/PAA)4(PEI/DNA)1 multilayer film was prepared. 

The process of sensing film fabrication and deposition mechanism are shown 

in Fig. 5.1. It was finally baked in an oven at 70 °C for 10 hours to enhance 

its mechanical property and durability [193]. The chemical structures of PEI, 

PAA and DNA helix structures are given in the inset of Fig. 5.2. 

Surface profilometer (Veeco, Germany) was used for monitoring the 

thickness growth process of (PEI/PAA)4(PEI/DNA)1 multilayer film. And 

the thickness change with layer numbers is given in Fig 5.2. As illustrated, 

the (PEI/PAA)4PEI layers display an exponential growth in thickness. Since 

the polymers used for film fabrication are weak polyelectrolytes and many 

charges on the polymer chain are screened during the layer-by-layer 

deposition process, more chains are needed to compensate the charges on the 

former layer, which leads to the exponential growth of the film thickness. 
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The result is similar with previous work [194]. But when the ssDNA layer 

was deposited, the thickness increases only a little because of low ssDNA 

concentration used for film fabrication [47]. It has been reported that the 

length of ssDNA chain was just about 2 nm with 20 bases [195]. In our work, 

each ssDNA chain contains 10 bases, and thus the thickness of sensing DNA 

layer is estimated as ~1 nm. It can be seen ssDNA layer is about 8 nm in our 

sensing film, from which we could conclude that many probe ssDNA chains 

have been absorbed on the surface of sensing film. 

 

 

Figure 5.2 Thickness growth of (PEI/PAA)4(PEI/DNA)1 multilayer sensing film with 

layer numbers. The inset shows chemical structures of positively charged PEI and 

negatively charged PAA used for multilayer film fabrication. And the scheme of DNA 

helix structure is also given. 

 

Scanning probe microscope (DI Nano Scope 8, Veeco, Germany) in 

AFM mode, in which the silicon tip (NSG10, NT-MDT) was operated with 
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a resonance frequency of ca. 288 kHz.), was used to characterize the 

morphologies of the multilayer sensing films. Fig. 5.3 (a), (b), and (c) show 

the AFM surface images of (PEI/PAA)4, (PEI/PAA)4PEI and 

(PEI/PAA)4(PEI/DNA)1 multilayer film, respectively. The surface of 

(PEI/PAA)4 multilayer film shows wormlike or vermiculate patterns. Similar 

patterns have been discovered when PAA was the outmost layer [126, 196]. 

The measured root mean square (RMS) is 8.18 nm for PAA layer, which 

could be also seen in Fig. 5.3 a2. When a PEI layer is deposited on the surface 

of PAA layer (Fig. 5.3 b), the RMS decreased to be 2.47 nm. It is attributed 

to the outer PEI layer covering up most of the surface texture [194]. We could 

observe from Fig. 5.3 b2 PEI chains are agglomerated on the surface and 

show smooth surface. After depositing the probe ssDNA layer (Fig. 5.3 c), 

the surface of sensing film becomes denser and smoother. And more 

agglomerate of macromolecule chains appear on the surface [173]. 

Meanwhile, RMS further decreases to be 1.07 nm. The surface morphologies 

change indicates that probe ssDNA have been deposited on the surface of 

PEI layer successfully, as the ssDNA chains are negatively charged polymer 

at pH=7.5. Therefore, the multilayer sensing films could be applied for DNA 

sensors fabrication. 
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Figure 5.3 AFM images for (PEI/PAA)4 (a), (PEI/PAA)4PEI (b) and 

(PEI/PAA)4(PEI/DNA)1 (c) multilayer films: the left are surface morphologies and the 

right are their 3D presentations. 

 

5.2.2 Sensing Property of (PEI/PAA)4(PEI/DNA)1 Multilayer Film 

UV-vis spectrophotometer (Cary 100Bio) was used for characterizing the 

absorption of the film after immersing into different kinds of target ssDNA 

solutions, as DNA has a maximum UV absorption at about 260 nm. Thus, 

the absorption peak was applied to test if the (PEI/PAA)4(PEI/DNA)1 

multilayer film could be adopted as a DNA sensor. The multilayer coating 

was deposited on the surface of quartz slides for the tests. Fig. 5.4 shows 

absorption spectrum of (PEI/PAA)4(PEI/DNA)1 multilayer film and the inset 

shows the dependency of UV absorption intensity on different kinds of target 

ssDNA solutions. It can be seen that the absorption intensity grows when the 

match base numbers increases. The reason for the phenomenon is that more 

a1

 

a
2
 

b
2
 

b1 c1 

c
2
 



Fiber-optic DNA Sensor Based on Self-assembled Multilayer Sensing Coating 

95 

target ssDNA chains are absorbed by (PEI/PAA)4(PEI/DNA)1 multilayer film 

when the number of match bases increase due to the linking force stronger 

for target and probe ssDNA as more hydrogen bond formation. Consequently, 

the UV absorption became larger [183, 197]. These results demonstrate that 

(PEI/PAA)4(PEI/DNA)1 multilayer film has the potential to be used as DNA 

sensors.  

 

Figure 5.4 UV absorption of (PEI/PAA)4(PEI/DNA)1 multilayer film and after its 

hybridization with different types of target DNA single chain at 260nm. 

 

The working principle of (PEI/PAA)4(PEI/DNA)1 multilayer sensing 

film for ssDNA detection is schematically shown in Fig. 5.5. With the 

number of match bases rising for target ssDNA, the force between the probe 

ssDNA chains and target ssDNA chains also becomes stronger. As a result, 

more target ssDNA chains could be tightly absorbed into sensing film. Thus, 
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the RI of the sensing film increases with denser and thicker sensing film. The 

RI change could be detected by TCFMI sensor for the latter is sensitive to RI 

change of surrounding environments. 

 

Figure 5.5 Principle of TCFMI DNA sensor: the force between two match bases 

accelerating ssDNA chains adsorbed onto (PEI/PAA)4(PEI/DNA)1 sensing film which 

will change the RI of sensing film. 

 

5.3 TCFMI DNA Sensors Fabricated by LbL Self-assembly 

Technique 

5.3.1 Fabrication of TCFMI DNA Sensors 

The fabrication process of TCFMI sensor is as follows: a commercial 1.5-

cm-long thin-core optical fiber section (Nufern 460-HP, core diameter of the 

fiber is 2.5 m, and the cutoff wavelength is ~450 nm) is connected between 

two standard single-mode optical fibers by fusion splicing. And the principle 
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of the TCFMI sensor has been shown in Chapter 3. Before the DNA sensing 

nanocoatings fabrication, it is necessary to determine the number of PEI/PAA 

bilayers to achieve the better performance. 

(PEI/PAA)n multilayer films were firstly deposited on TCFMI by 

LbL self-assembly technique, to investigate the optimum thickness for DNA 

sensor fabrication. Fig. 5.6 illustrates the spectra change of TCFMI with and 

without (PEI/PAA)n multilayer film. It can be seen that the wavelength shift 

becomes larger with the number of bilayer, which indicates that the RI of 

(PEI/PAA)n multilayer film increases. However, the interference peak firstly 

becomes deeper and then weaker. The phenomenon could be explained by 

RI changing of (PEI/PAA)n multilayer. The RI of the multilayer film 

increases with thickness growth, and eventually larger than SiO2 [196]. As a 

result, the mode distribution and effective index of the cladding is changed, 

and the interference between the core and cladding modes is also altered. So, 

though more layers lead to more probe ssDNA chains deposition, the 

interference peak disappears gradually. Since more PEI will be contained in 

thicker sensing film, more ssDNA chains will be deposited which will lead 

to higher sensitivity. After a comprehensive comparison, the film with five 

bilayers is finally chosen for DNA sensor fabrication.  
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Figure 5.6 Transmission spectra of TCFMI before (solid line) and after (dashed line) the 

coating of (PEI/PAA)n multilayer film with different bilayer numbers (bilayer numbers 

increasing from the top to bottom). 

 

The multilayer sensing film is coated on the surface of TCFMI to 

fabricate TCFMI DNA sensors. Transmission spectra of the TCFMI before 

and after (PEI/PAA)4(PEI/DNA)1 multilayer film coating are shown in Fig. 

5.7. The absorption peak at 1592.4 nm shifts to 1596.6 nm after the 

multilayer film depositing on the TCFMI surface. The change is due to the 

RI of sensing film is larger than that of air. It indicates that 
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(PEI/PAA)4(PEI/DNA)1 multilayer film has been successfully coated on the 

TCFMI. 

 

Figure 5.7 Transmission spectra change of TCFMI before (solid line) and after (dashed 

line) the deposition of (PEI/PAA)4(PEI/DNA)1 multilayer sensing film by LbL self-

assembly technique. 

 

5.3.2 Testing of TCFMI DNA Sensors  

The setup used for the TCFMI DNA sensors’ tests is shown in Fig. 5.8. The 

TCFMI DNA sensor was packaged in an aluminum groove and connected 

with OSA and BBS. 1 M of different target ssDNA solutions were prepared 

and injected into the aluminium groove for the test. 
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Figure 5.8 Setup for TCFMI DNA sensor test. 

Fig. 5.9 shows the wavelength shift of TCFMI DNA sensors in 

different target ssDNA solutions. The sensor is tested continuously in each 

target ssDNA solutions for 1 h. It can be seen that the equilibrium time 

decreases with the number of match bases increasing. The results could be 

explained by the force change between probe ssDNA and different kinds of 

target ssDNA: when the number of target ssDNA match bases increases, the 

force between the probe ssDNA chains and target ssDNA chains becomes 

larger and larger [198]. As a result, the target ssDNA chains own more energy 

to hybridize with probe ssDNA chains, speeding up their mobility. 
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Figure 5.9 Time dependence of TCFMI-based DNA sensor in different types of target 

ssDNA solution. 

 

Fig. 5.10 illustrates the wavelength change of DNA sensor in 

different target ssDNA solutions, which was recorded after reaching 

equilibrium. It can be seen the wavelength of TCFMI DNA sensor has nearly 

no change detecting target ssDNA solution with 1 match base, comparing 

with that in PBS solution. It means that the target ssDNA chain with 1 match 

base could not be adsorbed onto the surface of sensing film because of very 

weak force. With the match bases increasing (from 2 to 10), however, the 

spectra of DNA sensors shift linearly to longer wavelengths. As more target 

ssDNA chains have adsorbed on the sensing film, RI of sensing film 

increases, which lead to red shift of the wavelength. The inset of Fig. 5.10 

gives the spectra evolution in different types of target ssDNA solutions. 
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Figure 5.10 Wavelength shift of TCFMI based DNA sensor in detecting different types of 

target ssDNA. Inset gives spectra evolution the sensor in different target ssDNA solutions. 

 

After hybridization with target ssDNA, the DNA sensor was 

immersed into PBS solution to remove excess target ssDNA chains. The 

wavelength of the TCFMI based DNA sensor was tested after extracting the 

PBS solution and drying. Fig. 5.11 shows that the wavelength of the TCFMI 

DNA sensor washed with PBS solution is 1595.64 nm. However, the 

wavelengths are still the same after hybridization with target ssDNA with 1 

or 2 match bases. The reason is that their hybridization force is too weak to 

keep the hybridized target ssDNA attached on the surface. The results 

indicate that if 5 match bases ssDNA solution is tested after 2 match bases 

test, no influence on the results as 2 match bases ssDNA have been washed 

away. After hybridization with ssDNA with 5 match bases or more, however, 

the target ssDNA chains are strongly adsorbed onto the sensing film after 
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washing with PBS solution, which could have influence on the following 

tests. The wavelength shift is very small, which means they could also be 

washed away a little even the number of match base is larger for target 

ssDNA. All the results indicate that the sensor is suitable for DNA detection 

in solution environment, which meets the requirement of clinical tests. 

 

 

Figure 5.11 Wavelength shift of TCFMI based DNA sensor in detecting different types of 

target ssDNAs after washed with PBS solution and dry. The inset is corresponding spectra 

evolution the sensor. 

 

As our test was conducted consecutively without washing between 

the two target ssDNA solutions test, the former tests may have influence on 

the later. To exclude the influence of previous accumulation, we have directly 

tested 8 and 10 match bases target ssDNA solutions respectively, using 

another two TCFMI DNA sensors (fabricated in the same condition). Fig. 
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5.12 shows the spectra change of TCFMI based DNA sensor after testing 

with target ssDNA solutions with match base number 8 and 10. It can be seen 

from the results that the change of wavelength is similar to the results in Fig. 

5.10. Besides, we also fabricated another TCFMI based DNA sensors for 

directly detecting the target ssDNA with fully complementary bases. The 

results are shown in Fig. 5.13. The results also show a similar wavelength 

change value to the results in Fig. 5.10. 

From the above results and discussions, we can conclude that the 

former tests of target ssDNA with fewer match bases have little influence on 

the latter tests, as the forces were very weak.  

 

 

Figure 5.12 (a) Spectrum change of TCFMI before (solid line) and after (dashed line) the 

deposition of (PEI/PAA)4(PEI/DNA)1 multilayer film. (b) Wavelength shift of TCFMI 

based DNA sensor in target DNA solution with match base number 8 and 10. 
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Figure 5.13 (a) Spectrum change of TCFMI before (solid line) and after (dashed line) the 

deposition of (PEI/PAA)4(PEI/DNA)1 multilayer film. (b) Wavelength shift of TCFMI 

based DNA sensor in target DNA solution with match base number 10. 

 

The wavelength shift values in detection of different target ssDNA 

solutions are presented in Fig. 5.14. From the measured date, we can deduce 

that the sensitivity of the fabricated TCFMI DNA sensor is 0.27 nm/ match-

base (the sensitivity is defined as the wavelength shift per match-base 

number). The sensitivity is higher than some other LPG-based fiber-optic 

DNA sensors [199]. Moreover, the TCFMI based DNA sensor is able to 

identify the number of mismatch bases in target ssDNA chains in very low 

concentration (only 1 M), which is very useful in the clinical tests to find 

the origins of the new diseases. 
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Figure 5.14 Performance of TCFMI based DNA sensors for different types of target 

ssDNA detection (The concentration of target ssDNA solution is 1M, each data is tested 

three times and error bar is shown). 

5.4 Summary 

In summary, highly sensitive and disposable TCFMI based DNA sensors 

have been prepared by coating multilayer sensing film on the fiber, adopting 

LbL self-assembly technique. The TCFMI DNA sensors have been tested 

with different kinds of target ssDNA solutions. The results show that the 

sensor could not detect target ssDNA with 1 match base. But a linearly 

growth of signal with the base numbers could be achieved when the match 

base numbers are larger than one. And the sensitivity is 0.27 nm/ match-base. 

Fabrication of the TCFIM based sensor is simple and low-cost, so it would 

be a good candidate for real application in biological fields.  
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Chapter 6  

Optical Fiber Sensor Integrated Biochips for Ultrasensitive 

Glucose Detection 

A miniature biomedical device for highly sensitive and rapid detection of 

glucose (GO) is a very appealing technology for both healthcare and clinical 

diagnosis. In this paper, we present an optical fiber sensor integrated 

microfluidic biochip for ultrasensitive GO detection. A long-period grating 

(LPG) is inscribed in a small-diameter single-mode fiber (SDSMF) as an 

optical refractive-index (RI) sensor. With the layer-by-layer (LbL) self-

assembly technique, poly (ethylenimine) (PEI) and poly (acrylic acid) (PAA) 

multilayer film is deposited on the surface of the SDSMF-LPG sensor as the 

supporting film, and then a negatively charged glucose oxidase (GOD) layer 

is immobilized on the outer layer for GO sensing. A GO biochip is fabricated 

after integrating the SDSMF-LPG GO sensor into a microfluidic chip. 

Experimental results show that the SDSMF-LPG GO sensor can detect GO 

concentration as low as 1 nM. After integration into the microfluidic chip, 

the biosensor’s detection range is extended from 2 µM to 10 µM, and the 

response time is shortened from 6 minutes to 70 seconds.  
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6.1 Introduction 

Diabetes mellitus has become a worldwide health problem and it often 

induces numerous diseases, such as heart disease, kidney failure, or 

blindness [93]. Two well-known main causes of the disease are insulin 

deficiency and hyperglycemia in human body. Both of the two parameters 

can be reflected by blood glucose (GO) concentrations [94]. Therefore, it is 

much demanded to develop biomedical diagnostic devices for highly 

sensitive and rapid detection of GO content in the blood. 

      The GO sensor was firstly demonstrated by using electrochemical 

glucose enzyme electrodes in 1962 [95]. Thereafter, many efforts have been 

devoted to exploring novel GOD immobilization techniques, electrode 

materials and matrix for GOD [93]. For instance, the conductive polypyrrole 

encapsulated by pHEMA hydrogel was adopted as matrix for GOD, and then 

deposited on Pt electrode for GO detection [200]. Later, GOD-graphene-

chitosan nanocomposite was demonstrated as active component and glassy 

carbon was used as electrode for GO sensor fabrication [201]. However, the 

electron transfer between GOD and electrode is not efficient. To solve the 

problem, Luong et al. [202] suggested using nanoporous TiO2 as matrix for 

GOD adsorption. It was deposited on FePc modified CNT electrodes to 

monitor GO concentration. However, those GO sensors are usually too bulky 

and costly for daily use and their sample consumption is relatively high.  
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One of promising solutions to these problems is to use microfluidic 

chips due to its advantages of compactness, low-sample consumption, and 

low cost [203, 204]. Moreover, microfluidic chip technology offers a 

platform to integrate sensors with functional components (e.g. microfluidic 

mixers) to achieve the lab-on-a-chip analysis system [205]. Recently, it was 

demonstrated electrochemical GO biosensors can be integrated into 

microfluidic chips to develop easy-handle, low-cost and portable biochips 

[206-209]. However, electroactive interference problems often appear in 

electrochemical sensors because some endogenous reducing species (e.g. 

ascorbic and uric acids) and drugs (e.g., acetaminophen) are electroactive 

[93].  

This limitation can be overcome by using optical fiber sensor 

technology due to its well-known immunity to electromagnetic interferences. 

Moreover, some unique features of fiber-optic sensors, such as small size, 

high sensitivity and multiplexed detection capability, render them ideal 

candidates to be integrated within microfluidic chip to develop high-

performance biochips. For instance, Lyu et al. [210] integrated a fiber-optic 

particle plasmon resonance biosensor into microfluidic chip for anti-biotin 

detection. Dong et al. [211] proposed an integrated fiber-optic microfluidic 

device for muscular force monitoring. 
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In our study, an optical fiber sensor self-assembled with 

(PEI/PAA)9(PEI/GOD)1 multilayer film is fabricated and integrated into a 

microfluidic chip to develop a biochip, as shown in Fig. 6.1, for GO detection. 

A fiber-optic refractive-index (RI) sensor based on a cladding mode 

dependent resonant device, i.e. long-period grating (LPG), is used to monitor 

the reaction between the sensing film and surrounding medium. Although 

LPG sensors were proposed for detection of pH value, DNA, antibody and 

so on [38, 212, 213], the LPG technology was firstly, to the best of our 

knowledge, demonstrated to detect GO concentration. Furthermore, the LPG 

GO sensor will be integrated into a microfluidic chip for fast low-sample-

consumption bioanalysis. Experimental results reveal that the performances 

of the biosensor, in terms of both detection range and response time, have 

been greatly improved after integrated into the microfluidic chip. 
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Figure 6.1 Schematic design of the optical fiber sensor integrated microfluidic chip for 

GO detection: two inlets ① for GO concentration control; one outlet ② to outgo the 

waste solution; a spiral mixture ③ to homogeneously mix the GO solutions; small 

diameter single-mode optical fiber ④  and the embedded LPG GO sensor ⑤ . The 

bottom shows a resonant scattering of light in the LPG GO sensor. 

   

6.2 Fabrication of Optical Fiber GO Sensor  

6.2.1 Fabrication of LPG RI Sensor  

The LPG used in the experiment were inscribed in a small-diameter single 

mode fibers (80 µm in diameter, Yangtze Optical Fibre and Cable Joint Stock 

Limited Company). The fiber was hydrogen loaded at a pressure of 1500psi 

at room temperature for a week to increase the fiber photosensitivity. A point-

to-point technique was used for preparing LPGs by means of ArF/KrF pulsed 
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Excimer laser (Braggstar-500 Tuilaser, Germany) operating at a wavelength 

of 248nm.  

When an optical fiber was inscribed with an LPG structure, a resonant 

mode coupling between the guided core mode and a forward-propagating 

cladding mode can be excited at the wavelength [65]: 

 )]()([  i
cladeff nn            (1) 

where effn
(λ) is the effective RI of the core mode at the wavelength of 

λ, 
i

cladn
(λ) is the RI of the i th cladding mode and Ʌ is the period of the LPG. 

It can be seen from Eqn. (1) that the resonant wavelength λ is determined by 

i

cladn
 (λ) which depends on the evanescent field of the cladding mode. 

Therefore, LPG is a versatile technology for label-free RI sensing. 

In the experiments, 2-cm length LPGs with the period of 390 µm were 

inscribed in the SDSMF. The measured transmission spectrum of SDSMF-

LPG is shown in Fig. 6.2a. The resonant peak corresponding to the 5th order 

cladding mode at the wavelength of about 1510 nm is chosen for sensing as 

this wavelength is at the optical fiber communication window [65, 214].  

A number of RI solutions (CaCl2 aqueous solution with different 

concentration) were used to measure the responses of the SDSMF-LPG 

sensor to RI changes. The measured results are shown in Fig. 6.2b. It can be 

seen the central wavelength of the spectrum dip decreased linearly with the 

increment of RI and its RI sensitivity is about 205 nm/RIU. It is noteworthy 
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that its RI sensitivity is higher than LPGs fabricated in standard SMF with 

the diameter of 125 µm [214-216], which means SDSMF-LPG has higher 

potential to develop high-performance fiber-optic biosensors for e.g. on-chip 

integration.  

 

 

Figure 6.2 Measured transmission spectrum of SDSMF-LPG (a) and its response to the 

RI change of surrounding medium (b). 

 

6.2.2 Preparation of GO Sensing Nanocoating  

The concentrations of both positively charged PEI and negatively charged 

PAA were diluted to 2.0 g/L, with the pH of 11.0 and 3.0, respectively. The 

concentration of negatively charged GOD was 50 mg/L at pH 7.0. The LbL 

electrostatic self-assembly of PEI, PAA, and GOD was carried out on silicon 

wafers (10×10 mm2) for testing and characterization and then applied on 

SDSMF LPGs, respectively. The substrates were cleaned with piranha 

solution (7:3 of 98% H2SO4 and 30% H2O2), washed with large volumes of 
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DI water and dried with nitrogen to get negatively charged surface. The 

negatively charged substrates were then dipped into the positively charged 

PEI and negatively charged PAA solutions alternatively, each for 10 minutes 

at room temperature. The substrates were rinsed with DI water for 1 minute 

in between the immersions in polycation and polyanion solutions to remove 

the excess adsorbed components, and dried with nitrogen. The process was 

repeated until desired numbers of bilayers were fabricated (one bilayer 

consists of one PEI layer and one PAA layer and is expressed as (PEI/PAA)1). 

The substrates were then dipped into a negatively charged GOD solution for 

60 minutes, and immersed in DI water for 3 minutes, and dried with nitrogen 

again.  

The morphologies of the multilayer films were characterized by atomic 

force microscopy (AFM). Fig. 6.3 (a)–(c) show the AFM surface images of 

(PEI/PAA)9, (PEI/PAA)9PEI and (PEI/PAA)9(PEI/GOD)1 multilayer films, 

respectively. For the (PEI/PAA)9 multilayer film (Fig. 6.3 a), the surface is 

very rough, obvious bumps and holes can be seen. And the measured root 

mean square (RMS) is 22.4 nm. The RMS reduced to be 0.18 nm after the 

adsorption of PEI layer (Fig. 6.3 b). It means the PEI layer fully covers the 

bumps and holes on the PAA layer. When the sensing layer, negatively 

charged GOD, is deposited on the surface of PEI layer, RMS becomes to be 

6.73 nm (Fig. 6.3 c). It provides an obvious evidence that GOD is 
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successfully deposited and can be used for GO sensor fabrication. 

 

 

Figure 6.3 AFM images of (PEI/PAA)9 (a), (PEI/PAA)9PEI (b) and 

(PEI/PAA)9(PEI/GOD)1 (c) multilayer films: the top images are the surface morphologies 

and the bottom images are their 3D presentations. 

 

The (PEI/PAA)9(PEI/GOD)1 multilayer film was measured by using a 

surface profilometer. It can be seen from Fig. 6.4 that the (PEI/PAA)n layers 

display an exponential growth in thickness [153, 194]. On the other hand, 

the active GOD layer is very thin (about 22 nm) due to the low concentration 

of GOD used in the film preparation. The thin active GOD layer is useful for 

the solution fast diffusing into, to achieve fast response.  
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Figure 6.4 Thickness growth of the (PEI/PAA)9(PEI/GOD)1 multilayer film. The inset 

shows the growth scheme of the multilayer film. 

6.2.3 Testing of SDSMF-LPG GO sensors 

(PEI/PAA)n(PEI/GOD)1 multilayers with different number of layers were 

prepared on the surface of SDSMF-LPG and tested by using a broadband 

light source and an optical spectra analyzer (OSA). Fig. 6.5a and Fig. 6.5b 

show the measured transmission spectra of the two SDSMF-LPGs before 

and after (PEI/PAA)9(PEI/GOD)1 and (PEI/PAA)19(PEI/GOD)1 multilayer 

film, respectively. It can be seen that both spectral dips appear blue shift after 

deposition of sensing films. The result agrees with the data shown in Fig. 2b 

that the higher RI of multilayer sensing film induces a blue shift of spectral 

dip. It indicates that the multilayer sensing films have been successfully 

deposited on the surface of SDSMF-LPG [169].   
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Figure 6.5 Transmission spectra of the SDSMF-LPG before and after 

(PEI/PAA)9(PEI/GOD)1 multilayer sensing film (a) and (PEI/PAA)19(PEI/GOD)1 

multilayer sensing film deposition. 

 

The sensing mechanism of the GO sensor is shown in Fig. 6.6a. When 

the GO is oxidized with the GOD catalyst, gluconic acid will be produced 

and then changes the pH of mixture solution [79]. Since the swelling degree 

of the (PEI/AA)n multilayer sensing film depends on the pH of surrounding 

medium, the sensing film will thus swell with GO concentration increasing 

and the induced RI change leads to a spectra shift of the SDSMF-LPG sensor 

[154]. 

The fabricated SDSMF-LPG sensors were tested in GO solutions with 

different concentrations. Fig. 6.6b shows the response of the SDSMF-LPG 

sensor (with (PEI/PAA)9(PEI/GOD)1 multilayer film) to different GO 

concentrations. It can be seen that the resonant wavelength shifts to longer 

values when the concentration of GO increases. It is because the reaction 

product (i.e. gluconic acid) decreases the pH of solution. As a result, more -

COO- groups are pronated to –COOH in the PAA layer and more positive 
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charges appear on the PEI chains. Consequently, the complexation between 

PEI and PAA becomes weaker and the swelling degree of PEI/PAA 

multilayer film increases. Therefore, the RI of the sensing film will decrease, 

which thus induces a red shift of the spectral dip of the sensor [138]. The 

spectral dip stops red shift when the GO concentration increases to 2 µM. It 

is mainly because that the pH no longer changes after reacting for a specific 

period of time. 

 

 

Figure 6.6 (a) Working principle of the GO sensing film; (b) the measured response of 

the LPG GO sensor to different GO concentrations. The inset shows the measured 

transmission spectra; (c) the measured dynamic response of the GO sensor. 

 

The dynamic response of the LPG GO sensor is shown in Fig. 6.6c. One 

can see that the response time of biosensor is around 6 min. Moreover, the 

detection limit of the sensor is 1 nM. It can also be seen that the wavelength 
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shifts about 5 nm when the GO concentration changing from 1 nM to 20 nM. 

As the resolution of OSA is 0.02 nm, it reveals the fabricated LPG sensor 

can resolve the GO concentration change as low as 1 nM. 

The test results of the GO sensor with thicker sensing film, i.e. 

(PEI/PAA)19(PEI/GOD)1 multilayer film are presented in Fig. 6.7. One can 

see that the detection range of such a GO sensor was extended to 10 µM 

while the sensitivity decreased a little. It is because more PEI and PAA chains 

are contained in the thicker sensing film, and thus offer more sites to react 

with H+. Consequently, more GO can be consumed for gluconic acid 

production, which improves the detection range. Meanwhile, the higher 

content of PAA in the sensing film eases the reduction of complexation sites, 

which will decelerate the RI decrease. As a result, the sensitivity of the sensor 

becomes lower. 

 

 

Figure 6.7 Measured response of the LPG GO sensor to different GO concentrations. The 

inset shows the measured transmission spectra. 
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6.3 Fiber-Optic GO Sensor and Biochip Fabrication  

6.3.1 Fabrication of Microfluidic GO Biochip 

SU-8 was dissolved into cyclopentanone with the concentration of 70 wt%. 

0.5 wt% TBA and 2 wt% OPPI were added into solution under stirring and 

fully dissolved. The solutions were firstly spin-coated on the surface of 

pretreat silicon wafer (2×2 cm2) at a speed of 1000 rpm. Then the substrate 

was soft baked at 65 and 95 oC for 10 and 30 min, respectively. The designed 

microfluidic chip was converted into a series of image data and then loaded 

onto a digital micromirror device based maskless lithography system for 

generation of optical patterns. UV light source (365 nm) was used for 

optically patterning the SU-8 photoresist. After exposure, the substrate was 

post baked at 65 and 95 oC for 1 and 10 min, respectively, to selectively 

crosslink the exposed portions of the film. The master of designed biochip 

was then fabricated after the development process.  

The PDMS microfluidic chip was fabricated by using molding and 

thermally crosslinking method. A 10:1 mixture of PDMS and crosslinker was 

used for the chip fabrication. The mixture was degassed in a vacuum 

chamber for 30 minute. Thereafter, the PDMS mixture was poured onto the 

SU-8 master and cured upon the mold in an oven at 75 oC for 1 hour. The 

PDMS slice with microfluidic channels were then peeled off from the mold 
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and three holes were drilled by using the puncher. Then, we directly placed 

the SDSMF-LPG GO sensor into the microfluidic channel with little pre-

stress. Finally, the microfluidic chip was sealed on a glass slide after treating 

with oxygen plasma for 3 minutes. 

The SDSMF-LPG GO sensor with (PEI/PAA)9(PEI/GOD)1 multilayer 

film was integrated into the microchannel of a PDMS chip for microfluidic 

GO sensing. As shown in Fig. 6.1, two fiber-optic GO sensors can be 

integrated into the chip for dual-parameter microfluidic sensing. A spiral 

microfluidic mixer is employed to mix the solutions homogeneously before 

passing through the two LPG sensors. It was reported that such a pre-mixing 

process can dramatically improve the performance of sensors [127, 217].  

 

 
Figure 6.8 Photos of the SU-8 master mold for biochip fabrication (a) and its mixture part 

(b); the photo of real biochip fabricated by casting PDMS on the SU-8 mold and sealed 

with glass slide by O2 plasma (c).  

 

     Fig. 6.8a shows a photo (taken by using a camera) of the SU-8 master 
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of the biochip fabricated on the silicon substrate. An enlarge image (taken by 

laser scanning confocal microscope) of the spiral mixer is given in Fig. 6.8b. 

The width and depth of the microchannel are about 110 and 260 µm, 

respectively (a detailed profile and size information are presented in Fig. 6.9). 

It can be seen that the spiral microstructure is very uniform and its surface is 

pretty smooth. With the SU-8 master, a PDMS microfluidic chip was 

fabricated by using the molding method. The SDSMF-LPG GO sensor was 

embedded into the chip before bonding the PDMS microfluidic chip on the 

glass substrate. Fig. 6.8c shows the fabricated PDMS microfluidic chip 

integrated with the LPG GO sensor. The size of the biochip is small, which 

can thus save solution consumption greatly. 

 

 

Figure 6.9 Images and profile parameters of the mixer part of SU-8 master mold for the 

microfluidic chip. 
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6.3.2 Testing of Biochip  

The response of the biochip was tested by injecting GO solution at the flow 

rate of 5 µL/min. Fig. 6.10a shows the spectral response of the biochip to 

different GO concentrations. Their corresponding transmission spectra are 

given in the inset. The sensitivity of the biochip is very close to that of the 

LPG GO sensor measured in the open air, whereas the detection range 

extended from 2 µM to 10 µM. The dynamic response of the biochip is 

shown in Fig. 6.10b. One can see that the biochip can distinctly sense tiny 

GO concentration as low as 1 nM. Meanwhile, the response time of the 

biochip was dramatically shortened from 6 minutes to 70 seconds. It can be 

explained that the dramatic reduction of the GO volume used in the test can 

give rise to a fast reaction between GO and GOD layer. Therefore, the 

sensing film can also achieve a quick equilibrium of swelling/deswelling 

according to the induced pH change of the solution. Such an ultrasensitive, 

fast-response, and low-sample-consumption GO detection device can not 

only greatly release the pain of patient but also solve coagulation problem 

[218], and thus is very promising for practical clinical diagnosis. 
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Figure 6.10 (a) Response of the microfluidic biochip to different GO concentrations. The 

inset shows the measured transmission spectra; (b) the measured dynamic response of the 

GO biochip. 

 

6.4 Summary 

A highly sensitive GO biochip based on a specialty optical fiber LPG sensor 

(fabricated in a small-diameter single-mode fiber) has been demonstrated. A 

layer-by-layer self-assembly technique has been successfully applied to 

prepare PEI/PAA multilayers on the surface of the LPG sensor. The 

negatively charged GOD layer was then immobilized on the multilayer film 

(with the positively charged PEI as outmost layer) for GO sensing. The 
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SDSMF-LPG GO biosensor with (PEI/PAA)9(PEI/GOD)1 multilayer 

sensing film has been fabricated and embedded into a PDMS microfluidic 

chip for GO detection. Experimental results have revealed that such a low-

sample-consumption microfluidic biochip has not only an ultra-low 

detection limit (1 nM) but also a remarkably fast response time (70 s). It is 

believed that such an optical fiber sensor integrated microfluidic biochip has 

great potential for both healthcare and clinical diagnosis.   
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Chapter 7  

Conclusions and Future Outlook 

7.1 Conclusion 

In conclusion, we suggested a thin-core fiber modal interferometer fiber 

(TCFMI) as the transducer for high-performance fiber-optic pH sensors 

fabrication as it is sensitive to refractive index (RI) change of surrounding 

environments. The PEC film, which consisted of a thin layer of surface 

macropores followed by a thick layer of three-dimensionally interconnected 

nanopores (50 ~ 100 nm), was robust and stable in water and common 

organic solvents. The nanostructured PEC film was coated on the surface of 

TCFMI for fiber-optic pH sensors fabrication by self-assembly method. The 

sensor is capable of breaking the common “trade-off” rule in sensor 

applications, showing a superior pH sensing performance with a fast 

response rate (tr = 5 s, tf = 12 s) and high sensitivity (2.04 nm/pH unit, -2.48 

nm/pH unit). And we also compared the nanoporous PEC film sensor with 

non-porous PEC film sensor, the results show that their sensitivities are 

similar, but the former gives very fast response due to the nanoporous 

property of the sensing film. So the nanoporous PEC film pH sensor has 

greatly potential for application in biological fields. 

Furthermore, a novel type of pH sensor was proposed. Long-period 
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grating (LPG) pH sensor was rapidly fabricated by rapid and maskless 3D 

printing technique. pH sensitive PAA ion hydrogels were periodically printed 

to encapsulate tapered fiber for LPG pH sensors fabrication. The pH sensors 

show very high sensitivity of 7.5 nm/pH with a response time of 70 s. As the 

first 3D printed, LPG pH sensor, it has great potential for in vivo test as PAA 

biocompatible properties. 

In addition, the TCFMI fiber was adopted for DNA sensor fabrication 

for ultralow DNA hybridization detection. The DNA sensors prepared by 

layer-by-layer (LbL) self-assembly polyelectrolyte multilayer film and probe 

ssDNA on the surface of TCFMI. The TCFMI DNA sensors have been tested 

in different types of target ssDNA solutions with concentration as low as 1 

M. It has been demonstrated that the sensor cannot absorb the target ssDNA 

with 1 match base. But the target ssDNA with more match bases can be 

absorbed onto the sensor’s surface. And it can be detected due to RI increase 

after the adsorption. The response of the TCFMI based DNA sensor to target 

ssDNA with more than one match base is linearly proportion to the number 

of match bases. And the sensitivity was 0.27 nm/ match-base. So the sensor 

could identify the number of match bases of target ssDNA. Fabrication of 

the TCFIM based sensor is simple, low-cost with the small size of the sensor, 

it will be a good candidate for real application in biological fields.  

Finally, a highly sensitive GO biochip based on a specialty optical 
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fiber LPG sensor (fabricated in a small-diameter single-mode fiber) has been 

demonstrated. A layer-by-layer self-assembly technique has been 

successfully applied to prepare PEI/PAA multilayers on the surface of the 

LPG sensor. The negatively charged GOD layer was then immobilized on 

the multilayer film (with the positively charged PEI as outmost layer) for GO 

sensing. The SDSMF-LPG GO biosensor with (PEI/PAA)9(PEI/GOD)1 

multilayer sensing film has been fabricated and embedded into a PDMS 

microfluidic chip for GO detection. Experimental results have revealed that 

such a low-sample-consumption microfluidic biochip has not only an ultra-

low detection limit (1 nM) but also a remarkably fast response time (70 s). It 

is believed that such an optical fiber sensor integrated microfluidic biochip 

has great potential for both healthcare and clinical diagnosis.  

7.2 Future Outlook 

As mentioned before, many kinds of fiber-optic sensors are based on the 

principle of RI change sensing of the fibers, such as TCFMI and LPG. Thus, 

by coating different kinds of sensing films, these optical fibers can achieve 

different kinds of parameters detection, including gas, ions, pH, humidity, 

dopamine, DNA, antigen, glucose and other biological species. Among them, 

stimulus responsive hydrogels are good candidate for fiber-optic sensors 

fabrication for biological applications, as they are biocompatible and similar 
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to the native extracellular matrix. By choosing the suitable hydrogel 

materials, novel kinds of fiber-optic sensors can be achieved, which will 

extend the detection species of fiber-optic sensors. 

Similarly, 3D printing LPG sensors provides a platform for novel 

kinds of fiber-optic sensors preparation. The sensing property of the fiber-

optic sensors depends on the photopolymerized materials, a wide range of 

responsive materials that can be polymerized by light can be adopted for 

LPG sensor fabrication without further surface modification. In addition, the 

sensors type can also be enlarged by modifying the surface of 

photopolymerized polymers, which have the ability to influence the swelling 

properties by detecting the analytes. So many works can be done in this field 

in the future. 

Furthermore, the miniaturization of fiber-optic sensors device is an 

interesting subject, which can provide lab-on-a-chip tests and greatly reduce 

quantity of analytes consumption. Though the integration of fiber-optic 

sensors into microfluidic channels have been done in some reports, the 

biochips are still larger as the limitation of fiber sizes. Therefore, future work 

can be developed towards exploring novel kinds of optical fibers to minimize 

the size of the biochips. In addition, fiber-optic based biochips are still at 

their early stage, different kinds of fiber-optic sensors can be integrated into 

the microfluidic channels to detect more analytes.
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