LiangLiang Liu, MSc

Thesis submitted to the University of Nottingham
for the degree of Doctor of Philosophy
March 2019

r TheUniyersitgof
A | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA




Table of Contents

ADSEIACE i e e e e e e e e e e e e e eas 7
Yol oLV Y T=To Fod=T o 0 =T o | PPN 10
List Of @bbreVviatioNns........ciiii i 11
Chapter 1  Fibre optic sensor in healthcare: The applications.............cccceeeeee. 14
1.1 AIMS aNd ODJECTIVES ... et eeeeees 15
1.2 The structure of the thesis.........ccoiviiiiiiiii e 16
1.3 NOVEItY STatEMENT ..uueeiieceeeeeiccee e e eeeeees 17
1.4  Background and Related Work for the target biomarkers ....................... 19
1.4.1 Theroleof IgMinthe body......ccccceeeeeiiiiiieiiiiiiiieeiieeeeceeee e, 19
1.4.2  The detection of antibodies .........ccecuieeeiiiiiiii e 20
1.4.3  The production of COz2 inthe body.......ccccceiiiiiiiiiii, 23
1.4.4 COz; measurement tEChNIQUES ....uueeeeeieiiiieiiiiieie et eeeeeennaee 27
1.4.5 Relative humidity (RH) in healthcare.......ccccooeeeeeeiiiiiiiiiiiieeeeeceeeeeinnn, 31
1.4.6  Therole of ammonia (NH3) in healthcare......ccccceevvvviiiiiiieeeiiiinennnnn. 33
1.4.7  Monitoring of fentanyl in healthcare .........cccccoeeiiiiiiiiiiiiiiiiiicicc, 36
Chapter 2 Introduction of fibre opticsensor .............ccccc 39
2.1 INEFOAUCTION...ciiiiiii it 39
2.2 Optical fibre sensor COMPONENLS ....ouvvvuieieiieiiiiiiccee e e e e e e 40
2.2.1  Optical fIDres oo e 40
D A W 1 -{ o a8 o TU ol Y- 50
2.2.3  DetECEOIS .ttt e 51

2.3 Classification Of FOSS ........ceiiiiiiiiiiiiiiiiieiee e 53
2.3.1  Configuration of extrinsic FOS......ccccoiiiiiiiiiiiiieee e 53
2.3.2  Grating-based optical fibre sensor.......ccccccoeeeeiiiiirr e, 55



2.4 Functional film deposition technNiqQUEs ...........cevvvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeans 65

2.4.1  LBLdeposition tEChNIQUE.......iiiie e 65
2.4.2  SOl-gel tEChNIQUE ....ue s 68
2.5 Gas diffusion through the porous silica film ............covvvviiiiiiiiiiiiiiiiiiiiiiinns 71
2.6 SUMIMIAIY ceiiiiiiii ettt ettt e e ettt s e ettt s e e ettt s eeeana s eeeasaaeeeennnnseenennnns 72
Chapter3  LPG sensor fabrication and characterisation ........cc.ccoovvvvviiieenneennnn, 74
3.1 INTrOAUCTION . ..eeiiei e 74
3.1  Fabrication of LPG SENSON ....ccocciiiiiiiiiieceeeee e 74
3.1.1  Point-by-point Method ...........ouvueeiiiiiiicc e, 76
3.1.2  Amplitude mask method..........cccceeeeiiiiiiiiiiiiii e, 80
3.2  LPG simulation using Optigrating.........ccccccoueeeeuuueeeeeeeeeeeiriiiieeeeeeeeeeennnnns 83
3.3 LPG temperature measuremMent......cccoeiiiiie e 87
3.4 LPG strain measurement.......cccccvviiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiee 93
3.5 LPGS RIMeasuremMent......cccccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiieiesesseseessessseseseeeanns 96
3.6 Preparation of reflection LPGS ..........uuvveeiiiiiiiiiiiiiieeeeeeeeeeereeee e eeeeeeanaen 98
3.6.1  The formation of silver mirrors via chemical reaction ....................... 99
3.6.2  The fabrication of reflection LPGS ...........cceiriiiiiiiiiiiiieieieeeeeeeen 99
3.7 CONCIUSION .t 102
Chapter4  Synthesis of nanoparticles for LPG biosensor development ............ 104
4.1 INErOdUCTION. ..t 104
4.1 Synthesis Of SINPS ...covvuiiie e e 105
4.1.1  Materials and Methods..........ccccuiiiiiiiiiiiiiiiceee 106
4.1.2  Result and diSCUSSION .....cccciiiiiiiiiiiiiiiieeeeeeeeee e 108
4.2 Synthesis Of AUNPS ......eiii e 112
4.2.1  Materials and method ........cooooiiiiiiiiiiiiie 113



4.2.2 ReSUIt N diSCUSSION ..ceuienieeeee e 115

4.3 CONCIUSION ittt e e e e e e e e 121
Chapter 5  Sensing film preparation for the fabrication of FOS......................... 123
5.1 INErOAUCTION ...ciiiiiiiiieee et e e e e e e e e e e e e eaees 123
5.2 MAtEIIAIS e 123
5.3  LPG based biosensor for protein detection .........ccceeeeeeeieeiiiviiiiiiieeeeeennens 124
5.3.1 LPG modification for biotin detection .........ccceeeuiviiiiiiiiiinniiiieeen. 124
5.3.2  LPG modification for IgM detection .........ccceeeeeeeeriieviriiieeeeeeeeeeeennen, 126
5.4  Reflection mode fibre optic CO2 SENSON........uvvvvvireeerriieiiiieeeereeeeereeeeeeennns 127
5.4.1  Sol-gel based sensing film preparation.......cccceeeeevvveeiriiieeeeeeeeeeeennnnn. 127
5.4.2  Polymer-based sensing film preparation..........ccccevvvvvvveeeeeeenrennnnnn. 128
5.4.3  The coating of the sensing film on the optical fibre......................... 128

5.4.4  The coating of the CO; sensitive film for fabricating of Fabry—Pérot

interferometer (FPI) SENSON ..uuuiiii ittt eeeveearaaaas 129
5.5  Preparation of FOS for NH3 and CO2 SENSING ....ccvvvvveieeeeeeeiirreriiiiieeeeenenens 129
5.5.1  CO;sensing film preparation .......cccoocoeeeeeiiieiiieiiecicceeeece e 129
5.5.2  NHs sensing film preparation ........cccoooeeeeeiiiiiiiiiiecceeeeeeeeeecece e 129
5.5.3  Coating of the optical fibre with the sensing film ............ccccceennnnnn. 130

5.6 LPG sensor incorporated with molecularly imprinted polymer (MIP)

nanoparticles for the detection of carboxyl-fentanyl..........................l. 130
5.6.1  Fabrication of LPG array SENSOr ........cccvvvveiviiiereeeeeeeeiiiceee e e e eeeeeeneens 130

5.6.2  Functionalisation of an LPG sensor for the detection of carboxyl-

FENTANY L o e e et st st s e b s e e e sreene 131

5.7 CONCIUSION ..ttt e e e 132
Chapter6  Development of LPG based biosensors ...........cccceeeeviiviiiiiiiccenneeennns 134
6.1 INTrOAUCTION ...ciiiiiiiiiiee e e e e e e 134



6.2  Definition of LPG biosensor parameters..........uuueveveeveeeveeieeeeveeeeeeeeeeneennn 135

6.3 IMELTNOM. ...ciiiieiii e 136
6.3.1  Thin film characterisation ........c.ccccoeeiiiiiiiiiiiiii e, 136
6.3.2  Streptavidin detection ......cccceeeeeeiiiiiiic 136
6.3.3 IgM detection in SOIUtION ......cceeeeiiie 137
6.3.4 Detecting IgM from blood serum ...........cevveeeeiiiiiiieeiiiiiieeeeeeeeeeennen, 137
6.3.5  EXPErimeNnt SET-UP cooeuiiiii ettt ee e e e e aa s 137

6.4  Results and DiSCUSSION ........cceiiimiiiiiiiiiieee e 138
6.4.1  LBLFilM depOoSition ....cceeeeeeeieiiiiiicieeeeeeeeeeceee e 138
6.4.2  LPG characterisation...........ceeevviiieeiniiiiiee e 142
6.4.3  Streptavidin detection ........ocvvviiieiiiiiiiiieeccee e 146
6.4.4 1M deTECLION «.cceveiiiiiee e 152
6.4.5 1gM detection in blood SErUM ......ceviiiiiiiiiiiiieeeeeeeeeeeee e 159

6.5  CONCIUSION ... e 160

Chapter 7  Development of FOS for the measurement of CO; & RH from breath
..................................................................................................................... 162

7.1 INTrOAUCTION ...ciiiiiiiiiiee e 162

7.2 MEENOG. .. ..iiiiiiiiiiiii e 163
7.2.1  Sensing mechanism for COz ..ouuuuiiiiiiiiiiiiiccee e 163
7.2.2  Sensing mechanism for RH.........ccoooiiiiiiiiiiiiiei e, 163
7.2.3  Determination of the sensor parameters.........ccccevvvvvviceeeeeeeeeenennnnn, 164
7.2.4  Experimental SEt-Up...cccociiiiiiiiiiiciee e 165

7.3  Fibre-optic sensor (FOS) for the CO2 measurement..............eevvvevvvvvnennns 168
7.3.1  Experimental procedure ........ouuueeeiiiiieiiiicee e 168
7.3.2  Results and diSCUSSION .........eeeeiiiiiiiiiiiiiiieeeeeeeeeeee e 169



7.4  Fibre optic Fabry—Pérot interferometer (FPI) sensor for the simultaneous

measurement of CO2 and RH......coooiiiiiiiiiiiiiiiiieece e 190
7.4.1  EXPEriment ProCeAUIE .....ccceeeeeeeeeeeeeieeceee s 190
7.4.2  Results and diSCUSSION ........ueeiiiieiiiiiiiiiiieee e 191

7.5 The measurement of CO; and RH from human breath........................... 208

7.6 CONCIUSION ..ttt e e e e e e e e e e e e e e eaaees 210

Chapter8  The simultaneous measurement of CO;and NH3 using FOS............. 212

8.1 INErOdUCTION. ....eiiiii ittt 212

8.2 METNOd....eiiiiie s 212
8.2.1  Sensing MECNANISIM ....ccivviiiiiiieee e 212
8.2.2  Sensor characterisation .........cccoeveeeeiriiieee i 214
8.2.3  EXPEriment SEE-UpP .cuoviiiuiiiiii et e e 215

8.3 Result and diSCUSSION .....cccuuiiieiiiiiie e 216
8.3.1 The measurement of COz......ueviiriiiiieiiiiiieeieee e 217
8.3.2  The measurement of NH3 ......ccoiiiiiiiiiiiicieeee e 220

8.4 CONCIUSION .ttt 226

Chapter9  The detection of carboxyl-fentanyl using LPG functionalised with MIP

(aF: 0T o] o - [ o A ol L= 227
9.1 INrOAUCTION . ...uiiiiiiiii e 227
9.2 MEENOM. ... 228

9.2.1 Sensing based on molecularly imprinted techniques....................... 228
9.2.2  Experimental procedure ......ccceeeiiiiiiiiiiiicie e 229
9.3 ReSUlts and DiSCUSSION ......uuiiiiiiiiiiiiiiiiiiieee et 230
9.3.1  MIP nanoparticles on the optical fibre ........ccovvvviriieeiiiii, 230
9.3.2 Temperature calibration of the LPG array......ccccccvveeeeiiierrriiiinnnn. 232



9.3.3  Detection of carboxyl-fentanyl............cccccciiiiii, 233

9.4 CONCIUSTON .ttt e e e e e e e e e 239
Chapter 10 Conclusion and future Work.........cccccoeeeiii, 241
10.1 Summary of CUrrent WOork.........oeevvviiiiiiiiiiiieiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeees 241
10.2 FUBUPE WOTK...eitetiieeeieiie ettt e e e e 245
211 oY [Te={ =T o] 12O TSR 247

6|Page



Abstract

Sensing by using optical fibres is a promising approach for application in the
healthcare field due to their small dimension, the capability of working in a harsh
environment (i.e. high electromagnetic interference (EMI), corrosive environment)
and potential for remote sensing. The possibility to measure clinically significant
biomarkers would allow the diseases to be tracked in real time and supports
diagnostic activities at clinical point-of-care (POC). This PhD thesis aims to
demonstrate the versatility of the fibre optic sensor (FOS) for sensing of multiple
clinical parameters including antibodies, gases (CO>, relative humidity (RH) and NHs)
and potential drugs detection (fentanyl). Four types of FOSs are fabricated and
included in the thesis, which are (1) a long-period fibre grating (LPG) based IgM sensor,
(I1) a Fabry—Pérot interferometer CO; sensor for the simultaneous measurement of
gaseous CO; and RH, (lll) a reflection sensor for simultaneous measurement of
gaseous CO; and NHs, (IV) an LPG sensor for detecting carboxyl-fentanyl from liquid
solution. Each sensor is prepared by combining an optical fibre sensing platform with
the developed sensing materials for measuring of one or more of the mentioned
parameters. Developed sensors were characterised in laboratory conditions for
evaluating the critical parameters of the sensor, i.e. sensitivity, specificity and

response time.

The developed IgM sensor is fabricated by depositing composite nanoparticles with
a silica core and gold shell structure to create a porous structure and large surface
area for IgM interaction to the receptors anchored on the shell. The sensor
demonstrates the capability of detecting IgM in a wide concentration range from
15.6 pg/mL to 1000 pg/mL with limit of detection (LOD) of 0.015 ng/mm? and a
minimum detected concentration of 15.6 pg/mL. It shows a high specificity to IgM
with a negligible response to the interfering protein, i.e. Bovine serum albumin (BSA).
The sensor with such detection range and LOD can potentially be applied for the
diagnostics of IgM related diseases such as selective IgM deficiency (SIgMD) and
neonatal infection. The ability to monitor the binding process kinetically supports the

application of the sensor in POC diagnostics.
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A Fabry—Pérot interferometer (FPI) hybrid sensor is prepared by combination of the
FPl with a colourimetric measurement for measuring RH and CO,. A sensing film
comprised of silica matrix doped with thymol blue and tetramethylammonium
hydroxide (TMAH) is dip coated on the tip of an optical fibre forming a cavity for the
FPI sensor. The sensor responds to the concentration of CO, range from 0-6 % and
RH level from 0 to 90 % with negligible cross-talk between the two parameters. The
sensitivity for both parameters is 18 % of reflection value change per 5 % of CO; and
0.14 nm per 1% of RH. It isimmune to the temperature in the tested range from 25 °C
to 40 °C. Due to the slow response time, 98s for CO; and 32s for RH, the sensor is
applicable to measure the CO; and RH in an application where the response time is
not critical such as transcutaneous CO; (TcCO;) measurement. The developed sensor
was successfully implemented to measure breath gases from a healthy human
volunteer with a percent error of 3.1 % and 2.2 % for CO, and RH respectively when
taking the commercial datalogger (33 BLG, CO, Meter, USA) as the golden standard.
The percent error is the difference between the measurement from developed
sensor and the reference sensor, divided by the value of reference sensor and

multiplied by 100 %.

The sensing of gaseous NHjs in this thesis is achieved by using the sensitive dye
Tetrakis-(-4-sulfophenyl) porphine (TSPP) that changes its colour after the interaction
with NHs. The FOS for the simultaneous measurement of NHs and CO; is fabricated
by incorporating two sensitive dyes, TSPP and thymol blue into one fibre detection
system. Two dyes are separately doped into a sol-gel matrix and an ethyl cellulose
(EC) plastic film and coated on the two ends of a 2x2 optical fibre coupler. The two
dyes have different spectral properties with distinctive absorption wavelengths
across the detection range that facilitates detection of the target gases. The sensor
exhibits a sensitivity of ~15 % of increase in intensity for responding ~5 % of CO, and
sensitivity of -0.003 /ppm for gaseous NHs. It shows no cross-talk between NHs; and
CO; measurement and demonstrates the ability to measure both gases
simultaneously. The LOD for NHs is 3.9 ppm which is lower than the required
concentration for breath analysis in diagnosis of diseases such as renal disease or

stomach ulcers; therefore the sensor is not ready yet for breath analysis.

8|Page



An LPG functionalised with molecularly imprinted polymer (MIP) nanoparticles is
reported for the detection of carboxyl-fentanyl. A reference LPG was inscribed into a
same optical fibre for compensating the temperature effect during the measurement.
The sensor is tested in a concentration range from 0 ng/mL to 1000 ng/mL and shows
a minimum detected concentration of 50 ng/mL. The wavelength shift is 4.95+ 0.3

nm at a concentration of 1000 ng/mL after compensating the temperature effect.

From the research described in this thesis, the versatility of the FOS platform in
measuring clinical biomarkers for the diagnostic purpose with the ability to measure
multiple parameters simultaneously is demonstrated. FOS can be applied to meet
unmet clinical needs. For example, measuring the relevant biomarkerin a particularly
clinical condition such as MRI scanning room in which conventional electronic
sensors interfere with the electromagnetic field. FOS is a low-cost sensor and can be
made as a portable sensor for home and emergency use. The FOS is believed having
great impacts in the future healthcare field as it offers a competitive sensor in
diagnosis and monitoring, especially in the home use and wearable sensors market
due to its miniaturised size, excellent biocompatibility and immunity to
electromagnetic interference (EMI). It also provides a new opportunity to study
phenomenon or conduct research which has not been studied yet due to the
limitations of conventional sensors (i.e. bulky size, non-compatible to biological

samples and effect of EMI).
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Chapter 1  Fibre optic sensor in healthcare: The

applications

Biosensors have always been and will continuously play a vital role in the healthcare
field for supporting clinical diagnosis and health monitoring. There are numerous
examples of such sensors around our life, for example, a medical thermometer
measures body temperature, a blood pressure monitor measures blood pressure and
a pregnancy test kit detects human chorionic gonadotropin (HCG) to indicate
pregnancy. Their importance is obvious for the well-being of people, and from that
emerges a huge market of multi-billion dollars. The biosensors market was valued at
USD 15.96 billion in 2016 and is estimated to reach USD 27.06 billion by 2022 [1].
There is an emergence of nanotechnology-based biosensors and an increased
demand for home-based Point-Of-Care (POC) devices according to the market

research report from MarketsandMarkets™[1].

Sensors based on optical fibre are of interest in healthcare applications due to their
numerous advantages over conventional sensors. They usually have compact size
and require physically small measurement volume; this offers greater geometric
versatility and allows the application into arbitrary shapes. Optical fibres made of
silica possess properties of being chemically inert, dielectric, and immune to
electromagnetic interference (EMI). These properties provide the fibre optic sensor
(FOS) with inherent advantages over conventional electrical and electronic sensors
as they can be applied in harsh environments such as corrosive, high voltage, high
EMI environment [2]. One example is the application in an MRI scanner, in which
context electronic transducers are generally hazardous to the patient. The FOS has
been used to monitor respiration in MRI scanners [3]. Moreover, they can be easily
multiplexed so that such sensors can be made to measure multiple parameters or
distributed measurement [4]. In addition, they are compatible with communication
systems and capable of carrying out remote sensing for inaccessible sites. The
numerous advantages of light over electronic systems have boosted their application

in healthcare sectors [5-7]. The advantages render the potential and bright future of
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FOS in the biosensor market as their capability of being a small, portable and

wearable sensor.

Regarding biomedical application, FOSs that measure temperature, pressure and
biomarkers have been investigated for supporting clinical diagnosis and monitoring
in healthcare [4, 6, 8]. For example, FOS pressure sensors have been applied for the
measurement of pressure and forces in vivo including cardiovascular, urologic and
colonic diagnostic procedures, surgical procedures and monitoring of invasive
treatments [9-11]. The FOS temperature sensor is utilised ex vivo to monitor the
distributed temperature inside liver tissue during a radiofrequency ablation
procedure [12]. Such sensors offer useful information for a clinician to adjust the
treatment to the tissue undergoing ablation. The FOS biosensors are typically applied
in vitro to detect the biomarkers such as pH [13], antibodies [14], antigen [15] related
to specific diseases. Those sensors usually require an invasive process to sample body
fluids such as blood or cerebrospinal fluid. However, for biomarkers such as gases,
which are easy to sample, sensors can be non-invasive. Besides, the FOS biosensors
has been found useful in the application of non-invasively monitoring physiological
conditions such as respiration rate and heart rate [16] as well as blood flow

measurement [17].

1.1 Aims and objectives

This research study aims to investigate whether FOS can be turned into a biosensor
that detects a specific clinical parameter and be a useful diagnostic tool in the clinical
POC. Different coatings are used/developed to measure some critical clinical
parameters that include immunoglobulin M (IgM), CO, relative humidity (RH), NH3
and fentanyl. The optical fibre sensing platforms includes Long-period grating (LPG)
sensors and fibre-tip based reflection sensors. The possibility of sensing more than

one parameter simultaneously by using an FOS is also investigated.

To achieve the aims mentioned above in terms of sensor development, the objectives

should be met as follows:
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e To develop an FOS that detects specifically human IgM with a minimum
detectable concentration < 20 mg/dL that can be potentially used for the
detection of IgM from blood sample.

e Todevelop an FOS that capable of measuring CO, and RH simultaneously with
a detection range up to 5 % of CO, and 90 % of RH that is suitable for the
breath gas measurement in supporting endotracheal intubation.

e To develop an FOS that can measure CO, and NHs simultaneously for the
potential application in breath gas analysis.

e To investigate the possibility of detecting fentanyl or fentanyl analogues by

using an FOS.

1.2 The structure of the thesis

This thesis composes of 10 Chapters that describe the work conducted during the
PhD study focused on development of FOS for the detection of antibodies (IgM),
anaesthetic drug (fentanyl) and body exhausted gases (CO2, RH and NHs) with the

aim of applications in healthcare.

Chapter 1 introduces the background and motivation of the work; describes the
clinical significance of the target biomarkers (IgM, CO3, RH, NH3 and fentanyl) as well
as the review of current technology applied in commercial products and the

development of FOS for their detection.

Chapter 2 consists of an introduction and literature review of the FOS technology
including typical sensor configuration, coating film preparation. Different types of
FOS platforms including long period grating (LPG) sensor, tip-based sensor and other
evanescent field sensors, which are typically used for chemical sensing are

introduced.

Chapter 3 explains the theoretical background of an LPG sensor, covers the
simulation and experimental results of fabrication and characterisation of an LPG

sensor.

The content of Chapter 4 describes the synthesis of nanoparticles for the LPG-
biosensor application. Two types of nanoparticles which are silica nanoparticles

(SiNPs) and gold nanoparticles (AuNPs) are prepared via chemical synthesis methods.
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The two particles can form a composite nanoparticle with a silica core and gold shell

that provides extinction property for the application in biosensing.

Chapter 5 summarises the fabrication and functionalisation processes of the FOSs
developed during the PhD study, including (i) all the chemical materials, (ii) sensing

film preparation and the coating of the film onto an optical fibre.

Chapter 6 demonstrates an LPG based biosensor fabricated by depositing the
prepared nanoparticles and functionalised with relevant receptors for the detection
of streptavidin and human IgM. The established IgM sensor is validated in the human

blood serum.

In Chapter 7, the development of a fibre optic CO; sensor is presented by using a pH
indicator, thymol blue. A hybrid sensor that combines Fabry—Pérot interferometer
(FP1) and the colourimetric dye is reported for the simultaneous measurement of CO;
and RH. The FPI sensor is successfully applied to measure the COzand RH from human

breath.

Chapter 8 describes an approach to integrate the two colourimetric dyes (thymol
blue and TSPP) into one fibre detection system for measuring two gases, CO, and NHs,

simultaneously.

Chapter 9 demonstrates the progress achieved in developing fentanyl sensor based
on LPG platform. An LPG array sensor is presented with one grating functionalised
with molecularly imprinted polymer (MIP) nanoparticles for the detection of fentanyl
and another bare LPG used as a reference sensor for compensating the temperature
effect during the measurement. The sensor is demonetrated sensitivity to carboxyl-

fentanyl in this chapter.

Chapter 10 includes the conclusion and discussion of the above chapters, a

description regarding future work is done in this chapter.

1.3 Novelty statement

The thesis introduces 4 FOSs that were fabricated by incorporating different chemical

coatings into an optical fibre sensing system for sensing one or multiple parameters.
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The detection of human IgM by using an LPG sensor is for the first time reported in
Chapter 6 in which the LPG was surface coated with anti-lgM anchored composite
nanoparticles which are made of SiNPs surrounded by AuNPs forming shell structure.
The developed sensor exhibits a high sensitivity, wide detection range and specificity

to human IgM and is a useful tool in the diagnosis of IgM related diseases.

The previous work on CO; sensing with a pH dye was done by doping the dye into a
matrix film and coating on a cladding-removed optical fibre sensing system. Such a
sensor only measures one parameter. A novel FPI CO;sensor is presented in Chapter 6
by dip coating a pH dye (thymol blue) doped silica film prepared via a sol-gel method
on the tip of an optical fibre. The tip-based sensor further reduced the volume of the
sensor size and is more robust in the application, especially when the sample volume
is small. Most importantly, the FPI sensor combines the colourimetric method and FPI
technique and allows the measurement of CO, and RH simultaneously. For the first
time to the best of my knowledge, multiple sensing by using a single film is reported,
and it has potential to become the smallest sensor in the market that can measure
both CO; and RH simultaneously. Such a sensor is successfully applied to measure CO;

and RH from human breath.

An FOS that can simultaneously detect more than one gas species will enable a cheap,
portable sensor to be applied on the breath gas analysis. A novel approach
incorporates two sensitive dyes (TSPP and thymol blue) with different spectral
information into one optical fibre detecting system to simultaneously detect CO; and

NHsis described in Chapter 8.

There are limited papers published for the detection of drugs based on FOS. The FOS
for detection of fentanyl or fentanyl analogues has not yet been reported. A carboxyl-
fentanyl sensor based on LPG modified with MIP nanoparticles is presented in
Chapter 9. It is configured with an LPG array sensor that contains two LPGs with one
functionalised with MIP nanoparticles for the detection of carboxyl-fentanyl
(molecularly similar to fentanyl with carboxyl group) and the second remains
unmodified for compensating the temperature effect for the modified LPG. Such a
sensor shows an encouraging result in detecting the carboxyl-fentanyl with the

minimum detected concentration of 50 ng/mL.
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1.4 Background and Related Work for the target
biomarkers

1.4.1The role of IgM in the body

Antibodies are important biomarkers in human body fluids. They participate in the
humoral immune response and their levels increase during the immune system
responses to pathogen infection. B cell is one type of lymphocytes cell that composes
the immune system of the body, it has antibody molecules in cytoplasmic
membranes and will secrete the molecules into the blood after exposure to
appropriate antigen [18]. The level of antibody in the blood can be used as an

indicator of infectious disease [19].

An antibody is also known as an immunoglobulin (Ig), and its isotypes or classes in
blood named as IgA, IgD, IgE, IgG and IgM, respectively, depending on different types
of heavy chains. The body has two types of immune responses to the invading of
antigen, called primary and secondary immune response. The primary immune
response occurs when a B cell sees an antigen for the first time. IgM is produced in
the primary immune response and plays a significant role in fighting infection; it is
the earliest antibody to appear in the course of an infection [20]. The secondary
immune response occurs when the B cell sees an antigen a second time, and the
predominant antibody produced in this stage is IgG. As IgM molecule does not
contain the highly specific binding sites of the 1gG molecule, this permits the B cells
to produce IgM rapidly during a primary immune response, while the IgG molecule
takes days to produce in quantity [18]. The pentameric structure of IgM (Fig 1.1)
theoretically provides ten free antigen-binding sites and high avidity binding and can

quickly clear antigens from the bloodstream during the initial stages of an infection.
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Light Chain

Fig 1.1 Schematic illustration of pentameric structure of IgM.

IgM is mainly found in blood and lymph fluid, and it is a very effective neutralising
agent in the early stage of the disease. The level of IgM has significant clinical value
in diagnosis of certain diseases. For example, because IgM antibody does not cross
placenta, it can indicate recent infection or intrauterine infection when it appears in
a neonate’s serum [21, 22]. IgM also plays a vital role in rapid diagnosis of Dengue
virus infection as it appears as the initial immune response to a primary infection a
few days after the onset of Dengue fever [23]. In addition, I1gM regulates
autoimmunity and atherosclerosis and deficiency of IgM indicates increased
susceptibility [24]. SIgMD is an immune disorder that is associated with serious
infection. The deficiency of IgM in blood, usually < 20 mg/dL [25], can develop into
prolonged or life-threatening infection to the patients (often infants and small

children).

1.4.2 The detection of antibodies

The common method used in clinical practice for the detection of antigens or
antibodies is based on the enzyme-linked immunosorbent assay (ELISA) [26].
Dependent on the exact method used, the technique usually involves multiple
sequential incubations for long periods (60-90 mins each) and multiple wash steps,
resulting ultimately in a colourimetric readout which is proportional to the level of
the antigen or antibody present in the original sample. An example of such a process

is illustrated in Fig 1.2.
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Fig 1.2 Schematic of a typical direct ELISA method; a target protein is immobilised on the
surface of microplate wells and incubated with an enzyme-labelled antibody to the target
protein (or specific antigen to the target antibody). After washing, the activity of the

microplate well-bound enzyme is measured.

The readout requires a dedicated optical plate reader for translating the readings.
Moreover, the multi-step nature of the procedure and requirement for enzyme-
labelled antibodies is a significant weakness and does not allow real-time detection
of target molecules. Fast and accurate detection of IgM in patients’ serum would
enable early screening of SIgMD and early intervention may help prevent some of
the complications seen later in life. Some infections due to the deficiency of IgM in

infants and small children such as bacteremia can be life-threatening.

To satisfy the need for real-time POC testing, researchers have focused on the
development of different protein measurement methods in order to obtain accurate,
fast sensors that would be able to replace the current ELISA method. Surface Plasmon
Resonance (SPR) has been extensively used for quantitative measurement with a
sensitivity of the order of ug/mL [27]. However, a drawback is the relatively high price
and bulky optical system that usually limits its application to the clinical laboratory.
Quartz crystal microbalance (QCM) [28] is also an important label-free method for
the detection of antibodies. The shift of resonance frequency is induced by the mass
change of crystal resonator after binding of antibodies. However, the viscosity of the
analysed liquid also contributes to the frequency shift. To distinguish the mass-
affected frequency shift with the contribution of liquid, a more expensive impedance
analyser is required. Flow cytometry [29, 30] has been used for the detection of

antibodies. The techniques can be used for detection of antibodies which are not be
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detected by ELISA (e.g. glycospecific antibodies). However, the technique is not
widely used due to the high cost compared with other alternatives. Planar waveguide
sensors are also widely applied in detection of biomolecules [31]. The performance
of this type of sensor strongly relies on the choice of substrate material and the
quality of the deposited film. Fluorescence has been used for detection of nucleic
acid on planar optical waveguides [32]. The use of fluorescent labels in the context
of planar optical waveguide allows better specificity. The disadvantages of
fluorescence detection include the rapid photobleaching of fluorescent dyes
conjugated to the biomolecules of interest and the potential loss of activity of the
biomolecules when chemically conjugated with fluorescent dyes. Microfluidic chips
consist of micro-channels with sub-millimetre diameter have been applied in
immunology and antibody screening [33]. The manufacture of such devices usually
done in clean rooms using specialised lithography equipment [34], which are not

accessible for non-specialist labs.

To satisfy the requirements of POC devices, it is not only sensitivity and response
time that have to be taken into account, but also the size and simplicity of the sensor.
In this regard, an FOS, due to its small size, provides an advantage in terms of
application in POC devices used in the clinic or community. In addition, the optical
fibre is immune to the interaction of electromagnetic field providing a robust
response in environments containing electronic devices. There are diverse FOSs with
different structures have been applied on sensing of proteins, table 1.1 lists some
examples based on different sensing principle. Among those sensors, tapered,
cladding removed, tip-based and grating-based sensor have been applied in
combination of SPR, fluorescent sandwich and fluorescent competitive assay for the
detection. An LPG biosensor is appealing in the detection of biomolecules because of

the high sensitivity, label-free and real-time measurement.
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Table 1.1 The application of FOSs in detection of biological molecules.

FOS Target Detection principle LOD Reference
Tapered Staphylococcus Fluorescent 1 ng/mL [35]
fibre aureus Protein A sandwich assay
Fibre SPR Myoglobin SPR 2.9 ng/mL [36]
Tapered BSA Intensity (RI) 10 fg/mL [37]
fibre
Cladding BSA Dye-protein 2.5 ug/mL [38]
removed complex absorption
fibre
Fibre tip IgG Fluorescent 20 fM [39]
competitive assay
LPG Escherichia RI 103 cfu/mL [40]
coli (E. coli)

1.4.3The production of CO; in the body

CO; plays a vital role in the healthcare field. It is commonly used in the treatment
procedure; for instance, in stimulating breathing in human neonates [41], in CO;
cryotherapy for the treatment of Barrett’s Esophagus and associated neoplasia [42];
as an insufflation gas for minimally invasive surgery [43] and during general
anaesthesia to prevent postoperative atelectasis [44]. Besides these, it has a distinct
position of diagnostic application in clinic intensive care units such as in detection of

microbial growth during patient’s blood culture for diagnosis of bacteremia [45, 46].

COzin the human body is produced as a by-product of cell metabolism. The human
body composes trillions of different functional cells and the cooperation between the

working functional cells support the diverse activities of the human body. Each cell
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requires ‘food’ to provide energy for maintaining its biological activities. The ‘food’ is
obtained from the digestive system where the carbohydrate that is eaten is broken
down into glucose (CsH1206) under the action of enzymes [47, 48]. The glucose is then
undergoing oxidation in the cell and produces adenosine triphosphate (ATP) which is
the energy required [49]. The chemical process can be explained using the following

equation:
CcH1,06 +60, > 6 CO, + 6H,0 + 25 ATP (1.2)

The oxidation process is also the cell breath process in which the cell consumes
oxygen (0z) and produce carbon dioxide (COz). The supply of O, and the release of
CO; from the cell occur between blood in systemic capillaries and the cells. This
process of gas exchange is also known as internal respiration. The direction of gas
exchange is opposite for the two gases. O> moves rapidly out of the blood through
the systemic capillary membrane into the cell, and at the same time CO; leaves the
cells and enter the systemic capillary (illustrated in Fig 1.3). The movement of gases
is a diffusion process, which is driven by the partial pressure differences of each gas.
Systemic capillary has a higher partial pressure of O, (Po2 100 mmHg) than that of the
cells (Poz 40 mmHg), and thus O; diffuses from the blood to the cells. On the other
hand, the partial pressure of CO; in the cells (Pco, 46 mmHg) is higher than that of
the systemic capillary (Pco, 40 mmHg) so that it moves from the cells to blood [50].
Meanwhile, part of the CO, produced by the skin tissue will diffuse through the skin
barrier to the air under the drive of the partial pressure difference (the Pco; in the

air is about 0.3 mmHg).
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Fig 1.3 Internal respiration process; gases exchange between cells and systemic capillary.

CO; is carried in blood in three formats: dissolved (CO.), as bicarbonate ions (HCO3™),
and in combination with proteins as carbaminohaemoglobin, the majority of them
(about 70 %) are transported in the format of bicarbonate ions [50]. The blood
plasma that contains CO3, also known as venous blood, flow to the lungs through the

pulmonary circulation.

The produced CO; is ultimately expelled from the lungs through a gas exchange
process called external respiration (Fig 1.5). As the venous blood arrives, the CO;
starts to diffuse into the alveoli from the blood plasma under the drive of differential
partial pressure (46 mmHg to 0.3 mmHg), and further moves from alveoli to out of
mouth through the passageway of bronchioles to bronchi, trachea and mouth during
the exhalation (illustrated in Fig 1.4). The Oz is inhaled from mouth to alveoli through
the passageway but in the opposite direction. It further passes through the capillary
membrane into the bloodstream as the partial pressure in the air (Po2160 mmHg) is
higher than it is in the blood (Po240 mmHg). The blood that contains more O; after
gas exchange will flow to the tissue of different parts of the body for supporting cell

activities.
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Fig 1.4 Schematic respiration system of the human body; Image is obtained from the

publication of Thibodeau [50].

The internal and external respiration compose the respiration process of the body;
the O, participates in the cell metabolism process and the produced CO; is

transported out of the body as waste.

Systemic capillary

Fig 1.5 External respiration process; gas exchange occurs between systemic capillary and

alveoli of the lung.

CO, dissolves in blood plasma, some of the CO, molecules associate with water (H,0)
to form carbonic acid (H2COs). Once formed, some of the H,COsmolecules dissociate
to form hydrogen (H*) and bicarbonate ion (HCO3’). The two processes are both
reversible, and CO; molecules that enter the blood can continuously be removed

from the blood. The above chemical activities can be summarised as:

CO, + H,0 = H,CO5 = H* + HCO; (1.2)
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The transport of CO; plays an important and necessary role in regulating the pH of
the blood [51]. In the healthy condition, the body has great control over its acid-base
balance by altering alveolar ventilation and thus the elimination of CO,. Normal pH
has a range from about 7.38 to 7.42 [51]. However, in some pathological conditions
such as asthma or chronic obstructive pulmonary disease (COPD), the functionality
of lungs is affected and, as a result, the CO; cannot be fully released through
breathing. The retention of CO; in blood will cause a lower pH of blood and lead to

respiratory acidosis that can become life-threatening if left untreated [2].

End-tidal CO; (ETCO;) is the partial pressure or maximal concentration of CO; at the
end of an exhaled breath; it has been used to evaluate the status of pulmonary
diseases such as COPD and asthma [52]. Moreover, ETCO; has been commonly used
to verify the placement of breathing tubes in patients’ lungs during endotracheal
intubation and to detect inadvertent oesophageal intubation [53] during the
procedure of assisted ventilation. CO2 moves from the lungs and out through the tube
if it is properly placed and so an absence of CO; can be used to indicate incorrect

intubation.

The transcutaneous CO; (tcCO3) is a measurement of CO; released from skin that has
a good correlation with arterial carbon dioxide tension (PaCO;) [54]. It allows a non-
invasive measurement for determining the PaCO; for clinical application such as in
monitoring the sleep of children [55], in monitoring ventilation [56], and in predicting
the pressure ulcers in ischemic skin tissue [57]. As the tissue is underpressurised, the
systemic capillary beneath the skin is occluded so that the gas exchange in Fig 1.3 is
cut off resulting in the accumulation of CO; in the tissue. As a result, the tcCO;

increase.

1.4.4 CO, measurement technigques

1.4.4.1 Non-dispersive infrared CO;, sensor

Commercial CO; sensors such as non-dispersive infrared (NDIR) have been widely
used at the POC to monitor patients’ breath CO; level. NDIR relies on the strong
absorption of CO; at specific wavelengths (2600 and 4300 nm) [58] and measures the

gas density inside a sample chamber. Capnography is a type of NDIR sensor for the
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measurement of CO; commonly applied for breath analysis as its fast response time
enables the capture of CO; levels from breath-to-breath [59]. The commonest type
of capnography device in clinical use is the “sidestream” design, in which expired gas
is withdrawn from the breathing circuit and analysed in a distant chamber. This
process has a number of limitations due to sampling rates, transfer times and
different conditions in the chamber compared to the breathing circuit, which can
lead to inaccuracies. “Mainstream” analysis is also available but requires relatively
complex devices in the patient circuit. Both mainstream and sidestream types can
only measure CO; in expired gas outside the patient when the true measure of
interest is the concentration of CO; in alveolar gas. As such, measurement should
ideally take place as close to the alveolus as possible, i.e. within the airways
themselves. This is particularly true for neonates and infants. Current capnography
devices generally are bulky and relatively expensive, which limits their use outside
the operating room or intensive care environment. Many critically ill patients require
CO2 measurement either before arrival in hospital or during transfers and therefore

a low-cost portable device would be beneficial.

1.4.4.2 Colourimetric CO; sensor

There are commercially available colourimetric sensors such as Easy Cap® detector
(MedTree, UK), a disposable sensor for detecting ETCO, which is used to confirm
correct tracheal intubation [60]. This type of sensor is cheap and portable and has
been used by paramedics in emergencies to indicate correct tube placement.
However, it only indicates CO, qualitatively or semi-quantitatively, and therefore

cannot be used to help control CO; levels.

1.4.4.3  Semiconductor and Electrochemical CO; sensor

Semiconductor sensors comprise of metal oxide which absorbs CO; on its surface
leading to a change of conductivity [61]. Due to the simplicity and scalability, such
sensors are usually cheap but lack specificity since other gases such as water and
volatile organic compounds may be absorbed on the oxide surface and provide false

measurement.
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The Severinghaus CO; electrode [62] is the most common electrochemical sensor
which comprises a pH electrode in contact with a layer of bicarbonate solution
encapsulated by a thin plastic CO; permeable membrane. CO; diffuses through the
membrane and equilibrates with the inner bicarbonate layer leading to a change of
pH that is then detected by the pH electrode. The probe is neither robust (slow
response time, interference of acidic and basic gas samples, effects of osmotic

pressure caused by the variable salt condition in the liquid sample) nor cheap.

1.4.4.4 FOS CO, sensor

The compact size of the FOS renders the ability to measure CO; as close to the
alveolus as possible would provide an important advance of current standards of care.
It would allow measuring CO; quantitatively that would be beneficial for clinicians in
the diagnosis of tracheal intubation and assessment of pulmonary diseases. The
current development of FOS for measuring of CO; utilises either the physical property
or chemical property of CO2; The physical property of CO; is that it strongly absorbs
specific wavelengths of infra-red light [58]. The sensing mechanism of FOS using the
physical property relies on the interaction of light that propagates inside of the
optical fibre with the target gas, and the sensitivity depends on the absorption path
length. The development of such sensor can be achieved by the direct interaction of
light with CO; via a gas absorption cell such as White cells [63] or by evanescent field
absorption such as a D-shape optical fibre [64]. The White cells provide multiple
optical paths with a long absorption path length that offers a high sensitivity but are
expensive and bulky. D-shape FOS suffers from low sensitivity due to the low power
fraction of light in an evanescent field. Microstructure fibres have been used to
develop such gas sensors as they provide sufficient interaction of the gas with light
[65]. Hollow-core microstructured optical fibre allows the light directly to interact
with the gas inside of fibre core for gas sensing. However, the response time is limited
by the diffusion of gas into fibre core with the highest response time about 40 s [66].
Silica suspended-core photonic crystal fibre (PCF) has a large fraction of evanescent
field and has been exploited for CO, gas sensing, the CO; in the air hole of optical

fibre interacts with evanescent field leading to absorption change of light [67].
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Regarding the chemical property of CO, for sensing purpose, it is an acid gas that
dissolves in water forming carbonic acid which reduces the pH value of water. Based
on the chemical property, the optical fibre sensors consists of pH-sensitive dyes such
as thymol blue [68], phenol red [69] or fluorescent compounds such as 8-hydroxy-
pyrene-1, 3, 6-trisulfonate (HPTS) [70] are reported (summarised in Table 1.2). The pH
dyes or fluorescent compounds change their spectral properties according to the
degree of the pH change induced by CO.. In addition, amine functionalised silica has
been applied as an adsorbent material for CO; sensing in which an LPG sensor was

employed as the sensing platform to detect the Rl change induced by CO,[71].

Table 1.2 The current development of FOS for CO; measurement based on the chemical

method.
Optical Fibre
Sensing element Range LOD Reference
platform
oH thymol blue | cladding removed | 0-100 % >0.1% [68]
indicator phenolred | cladding removed | 0-100 % 0.03% [69]
methyl red | cladding removed | 0-100 % 0.01% [69]
m-cresol glass substrate 0-4 % N/A [72]
purple
Fluorescent HPTS Tip-based 0.03-30% | 0.02% [70]
compound
Adsorbent amine- LPG 10-90 % 0.75% [71]
. modified
material
nanoporous
silica foams

The FOS based on the physical property of CO, has stable signal output, capability of
long-term monitoring of signal and prolonged sensor lifespan. However, such an FOS
requires a large sensing area to increase the signal to noise ratio, which is usually

obtained by increasing the length of optical fibre, i.e. a few meters. The requirement
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of a longer, specific wavelength of light, the corresponding detector and optical fibre
increase the cost of such a sensor. On the other hand, for the chemical-based FOS,
the colour change of dyes occurs at the visible wavelength range and the optic
component and the chemicals required are relatively cheap. Crucially, the large
absorbance change of the dye after interacting with CO; allows the fabrication of a
thin film with small size. Such a film can be deposited on the optical fibre, for example
on the tip to make a sensor probe with a compact sensing region. The drawbacks of

such a chemical-based sensor are specificity and short lifespan (usually a week).

1.4.5Relative humidity (RH) in healthcare

Humidity is important in a healthcare environment as not only does it affect the
operation of expensive electrical equipment due to the static spark, but more
importantly, affects the comfort and health of the patient [73]. RH is defined as the
ratio of the water vapour in the atmosphere to the saturation value. An RH between
40 % and 60 % is recommended in the indoor air as it minimises the majority of
adverse health effects caused by RH [74]. High RH level (> 60 %) causes discomfort to
the human body that makes it overheated, easily exhausted and poses a potential
danger to health. Low RH (< 40 %) in the atmosphere can cause breathing problems,
headaches, sore throats and the situation is more severe in hospital environment. For
example, the low RH of airin an operating theatre will draw moisture from body tissue
exposed during operations and cause premature drying and promote the formation
of a scab from coagulated blood during operations [75]. Low RH also has direct impact
on the transmission of infectious disease from airborne infection [74]. Another
example is monitoring the air delivery for a patient receiving mechanical ventilator
support [76] and in managing the wound healing process as a moist
microenvironment can accelerate the healing process by inhibiting the formation of
solid, impenetrable scab [75, 77]. Moreover, exhaled humidity is also an important
parameter that needs to be measured in spirometry method for diagnosis of
pulmonary deficiencies [78, 79], especially in the determination of pulmonary oxygen

uptake during anaesthesia [80].

The most popular commercially available RH sensors are electronic sensors that sense

RH by the change of resistance, capacitance or conductivity of the active material
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(usually thermoplastic polymer or thermoset polymer). Table 1.3 lists the current
strategy in the development of RH sensor based on optical fibres. Different FOS
platform and sensing materials have been explored for RH sensing. Among those
developed sensors, fibre Bragg grating (FBG) based RH sensors exhibits an ability to
measure multiple parameters, i.e. temperature and RH by multiplexing of two FBGs.
The rest of the FOSs, however, are reported for sensing of RH only. The sensing of
multiple parameters by using an FOS RH sensor will be of interest in applications
where the parameters are significant and required to be detected, or where there is
cross-talk in the sensor response due to RH. For example, a sensor that can measure
CO; and RH simultaneously is useful in the clinical application for further reducing the

complexity of measurement and the size of the instrument applied to patients.

Table 1.3 The typical development of RH sensor based on different FOS platform

Sensing material Sensing platform range Sensitivity

Fluorescent dye [81] Evanescent field 20 %-80 % N/A

plastic fibre sensor

Reduced graphene

oxide [82]

Evanescent field side-

polished fibre sensor

75 %-95 %

0.31 dB/%RH

Polymer coating
(gelatin and poly
(ethylene
oxide)/cobalt) [83]

LPG

50 %-95 %

0.19 nm/%RH (for
range 50%-77%)

0.33 nm/%RH (for
range 77% -95%)

Thermoplastic
polyimide / di-ureasil

coating [84, 85]

Fibre Bragg gratings
(FBG)

11 %-98 %

-0.000266 V/%RH

22.2 pm/%RH

PAH/SiNPs [77]

Evanescent field

plastic fibre sensor

10 %-97 %

-9.61X103 /%RH

32| Page




Cellulose acetate FPI 14 %-72 % 0.307 nm/%RH
butyrate film [86]

1.4.6 The role of ammonia (NH3s) in healthcare

Ammonia (NHs) is a colourless, highly irritating and corrosive gas with a pungent,
suffocating odour. It is a harmful gas that produces adverse health effects once it is
inhaled, ingested or contacted with eyes, the skin by the human body. Once
contacting with available moisture in the skin, eyes, oral cavity, respiratory tract, and
particularly mucous surfaces, it interacts immediately to form the very caustic
ammonium hydroxide (NH4OH) which could cause burning of respiratory tract, skin
and eye damage [87]. Its workplace exposure limit is defined to 35 ppm (part per
million) by the OSHA (Occupational Safety and Health Administration). However, the
human perception for ammonia by smell is tabulated to be around 50 ppm [88],
which means that the nose will fail to sense ammonia in a dangerous concentration
(between 35 to 50 ppm). The monitoring of the atmospheric concentration of
ammonia by using relevant sensors is of significance to the health of human,
especially in places where NHs level could be over the safety threshold (35 ppm) (e.g.

farmland, fertiliser factories).

Ammonia is also a normal constituent of the human body. It is produced internally
via the breakdown of amino acids and used for the formation of Urea in the human
body [89]. The production of Urea mainly occurs in the liver and is further released
into the bloodstream. It ultimately travels to the kidneys and excreted in urine.
Excess amounts of ammonia can be exhaled in the gaseous state. Besides, ammonia
can also be produced by intestinal bacteria from either hydrolysis of urea or
deamination of proteins and other nitrogenous substrates [90]. There is a great
interest in the medical community in measuring ammonia levels in exhaled air for the
diagnosis of certain diseases [91]. For example, it can be a fast diagnostic method for
patients with disturbed urea balance, e.g. renal disease [92] or ulcers caused by
bacterial stomach infection (e.g. Helicobacter pylori infection) [93]. Ammonia levels

in the blood are also useful in sports medicine, in which the expired ammonia levels
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increase exponentially with workload. The ammonia levels of interest in the expired
air for breath analysis in diagnosis of a peptic ulcer are in the range of 50-2000 ppb

[91] [93].

There are a variety of sensors that have been used for sensing of ammonia as listed
in Table 1.4. The most widely applied and commercialised is electronic sensors in
which the conductance of a metal oxide or a metal or a polymer changes due to the
interaction of gas molecules to the sensing layer [94] [95] [96]. The selectivity of
these sensors depends on metal properties (e.g. material, morphology) and
operating temperature. The optical method to detect ammonia falls into two
categories: spectrophotometric detection and optical absorption detection. The
spectrophotometric detection relies on the colour change of a substance which
chemically reacts with ammonia and changes its colour, for instance, the Nessler
reaction [97]. And the latter is based on the distinguished optical absorption of
ammonia gas molecules [98]. Optical absorbance analysers that measure multiple

gases are commercially available but are costly (~£ 20k).
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Table 1.4 A summary of different types of ammonia sensor and their characteristics

[99].
Response | Temperature
Sensor type LOD Remarks
time range (°C)
Metal-oxide Low
(WO3) 1ppm [95] | ~5 mins 400 selectivity
drift
Catalytic metal
(Palladium) 1 ppm [94] ~1 min Up to 600 Low
selectivity
Conducting polymer Irreversible
(Polyaniline) 1ppm [96] ~3 mins Up to 150 reaction

Optical gas sensors:

(Nessler) 90 ppb [97] ~1 min 37
(Colourimetric) 1 ppt [100] ~5 mins
(Absorption 1 ppb [98] ~5 mins expensive
spectroscopy)

Non-selective detectors

(pH-transitions and EC 100 ppt ~20 min 0-40 Fluidic

detectors) [101] system

FOSs have been reported to measure gaseous ammonia by using a pH indicator such
as bromocresol purple [102, 103] and TSPP [104] and metal dioxide (e.g. SnO2) [105].
Their sensing mechanism based on either change of the colour of the dye or the

change of RI. Optical fibre based absorption spectroscopy for measuring of ammonia
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is also demonstrated in [106]. However, in this configuration, the light beam leaves
the optical fibre temporarily and travels in free space for a particular length (~60 cm)
to interact with ammonia gas inside a sampling chamber. The integrated sampling
chamber in the configuration increases the size and sensing area of the sensor and is
less versatile compared to the chemical-based methods. The use of pH dye as the
composition of FOS for ammonia sensing relies on the deprotonation of the dye as
interacting with the ammonia molecule. It is generally believed that such sensors are
susceptible to other pH-related gas such as CO,, H.S. Most such chemical-based FOS
measure one single type of gas molecule. The simultaneously sensing of the two
opposite pH gas species (i.e. NH3 and CO3) by using FOS composing of pH dyes has
not been reported yet to the best of my knowledge. The multiple gas sensing for
breath analysis is currently done by a gas analyser such as gas chromatography-mass
spectrometry (GC-MS) or selected ion flow tube mass spectrometry (SIFT-MS) [107].
Despite the lower LOD (in a level of parts-per-trillion (ppt)), those devices are bulky
and expensive. An FOS that is capable of measuring multiple breath biomarkers
would allow a cheap and portable breath analyser to replace the current bulky

equipment in some circumstance such as out of the laboratory.

1.4.7 Monitoring of fentanyl in healthcare

Survival in intensive care (IC) depends on having a comprehensive picture of a
patient’s condition. Accurate continuous monitoring of vital parameters such as gas
exchange, blood pressures and heart rate, temperature, ventilatory mechanics, renal
function, nutrition, and metabolism are available. However, continuous monitoring
of drug levels is an unmet clinical need, solving of which would provide a step change
in the IC practice and enable clinicians to provide optimised and individualised
treatment of critically ill patients, with potential for reduced length of stay and
adverse events.

Fentanyl is a series of opioids that is widely adopted as an analgesic agent in the POC
[108]. The use of fentanyl helps to maintain anaesthesia in critically ill patients and
those undergoing surgical procedures [109]. The dosage of fentanyl given is critical
as unexpected lower dosage will not provide effective sedation and the patient could

suffer from the pain caused by illness or surgical trauma. On the other hand,
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overdose can cause unnecessary absorption which could increase adverse effects
such as nausea, vomiting, pruritus and urinary retention as well as respiratory
depression [108]. The overdose of fentanyl could be fatal and has been reported as
being responsible for the jump in US overdose deaths involving synthetic opioids
from 2013 through 2016 (overdose deaths from synthetic opioids (excluding
methadone) increased from 3105 to approximately 20 000) [110]. Therefore, it is
important to control the dosage of fentanyl given. Currently, in IC, many drugs are
administered by continuous intravenous infusion devices which deliver a specified
volume per minute or hour. The actual drug preparation and delivery rate itself are
managed by clinicians. A sensor that can quantitatively detect fentanyl would allow
more accurate and individualised management of drug administration. Monitoring
of blood fentanyl concentration would also provide an error trap in the event of
mistakes in the preparation or delivery of the drug. For a greater dose of potency, a
low therapeutic blood concentration of approximately 0.6 to 3 ng/mL for anaesthesia
is permitted [108, 111]. A mean blood fentanyl concentration of 26.4 ng/mL is
deemed to be responsible for the intoxication death despite the unreliable prediction
of antemortem dose from postmortem concentration [112].

The current methods that are used to measure the plasma fentanyl concentrations
are radioimmunoassay [113] and gas-liquid chromatography [114]. The
radioimmunoassay method can measure plasma fentanyl concentration as low as
0.06 ng/mL [113] but has limited reliability, the analysis can overestimate plasma
fentanyl concentrations by as much as 29 to 100 % [115]. Compared with
radioimmunoassay, gas-liquid chromatography produces comparable values in the
spiked control and patient samples with a LOD of 0.25 ng/mL [116]. Both devices are
bulky and laboratory-based, and cannot be placed in the IC bedside monitoring. FOS,
thanks to its miniaturised size, remote sensing property and immunity to
electromagnetic interference, have the potential to be a portable sensor applied in
IC. Due to the lack of specific receptors, there are not many reports regarding drug
detection by using FOS. The majority of FOSs for the detection of drug molecules is
based on the fluorescent method as listed in Table 1.5. The molecular imprinting
technique is the popular method to create the receptor. A vancomycin sensor based

on LPG modified with molecularly imprinted polymer (MIP) is reported [117], which
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detects vancomycin via the Rl change. There is no FOS currently reported for the
detection of fentanyl to the best of my knowledge.

Table 1.5 The reported FOS for the detection of drugs

Sensing Sensing Detection
Platform Target drug LOD
material principle range
Tip based | Molecularly Cocaine Fluorescent 0-500 2 uM
sensor imprinted KM

[118] polymer (MIP)

LPG [117] MIP Vancomycin RI 0.01-700 | 2.5pM

nanoparticles UM

Tip based D-70 Dye Adriamycin Fluorescent 0.01-10 0.057

sensor pg/mL ug/mL
[119]
Fibre tip MIP Propofol Fluorescent 0.1-15 N/A
collection mg/mL
[120]
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Chapter 2 Introduction of fibre optic sensor

The previous Chapter has discussed the advantages and prospect of FOS in the
healthcare application. This Chapter will give an explicit introduction to the technical
background of FOS and sensing film deposition techniques. As the majority of
research in this study is about sensing of chemical species which chemically interact
to sensing element in the way of change optical properties such as Rl and colour, this
chapter mainly focuses on discussing FOS bio-/chemical sensor and their popular
configurations. Two thin film preparation techniques: layer-by-layer (LBL) and sol-gel
used in later chapters (Chapter 6, 7 & 8) for detection of antibody and measurement

of CO; are explained.
2.1 Introduction

Despite the fact that FOS has been used for a considerable period, they are still an
exciting and dynamic research field with a wide range of new emerging techniques
and applications. For example, fibre Bragg gratings (FBG) as a strain sensor has been
widely used in application such as real-time monitoring of the structural health of
bridges [121]. A bioresorbable FBG is recently reported by inscribing FBG in a water
dissolvable glass fibre [122], which allows it to be implanted inside of human body
for the application such as monitoring bone fracture healing. The sensor can break
down inside of human body and is safer for patients in the case of the breaking of

the fibre than conventional FBGs.

FOSs can be classified into two major types: physical sensors and chemical sensors
depending on the type of measurands. Physical sensors measure physical,
mechanical (such as strain and pressure) and electromagnetic parameters, and
chemical sensors measure chemical, environmental, biological and physiological
parameters such as pH or a chemical species. There are also other different
classification methods: depending on sensor location, they can be classified as
intrinsic and extrinsic; based on operating principles, there are intensity, phase,

frequency, polarization-based sensors [123].
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Atypical FOS system isillustratedin Fig 2.1. It comprises an optical source, a detector
and various optical components between them such as an optical fibre or optical
fibre coupler. Light is electromagnetic radiation that has properties of waves, i.e.
amplitude, frequency and phase. It can be polarised by constraining the vibration of
light in only one plane. Such properties of light can be altered by the change of
environmental factors such as the propagation medium. The optical fibre is the
waveguide for the light transmitting from light source to the photodetector. The
measurand is the external perturbation working on the fibre transducer that affects
the light propagating in the fibre. The transducer is the sensor that converts the
external measurand into a change of the properties of the light propagating in the
fibre. The detector detects the change of optical signal induced by the measurand;
this can be amplitude and frequency change, phase shift or the change of polarization
status. By comparing the modulated signal with the original light signal, the

measurand can be quantitatively identified with a pre-calibrated optical fibre sensor.

Measurand
VL 0
Light source O JL Detector
& Optical fibre Lransducer [ | fibre

Fig 2.1 Fibre optic sensor platform component.

The optical fibre-based bio/chemical sensor is typically incorporated with recognition
materials whose optical properties change under exposure to the measurand. Under
this circumstance, material preparation and incorporation with optical fibres

becomes an important technique in developing FOS.

2.2 Optical fibre sensor components

2.2.1 Optical fibres

Optical fibres are the waveguide for transmitting the optical signal in the sensing
platform as well as part of the transducer for sensing the measurand. Light
propagation along an optical fibre is governed by total internal reflection where light

is trapped inside the fibre. The choice of optical fibre is important in designing the
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sensing platform as it determines the property of the light being delivered to the
transducer, efficiency in transmitting, collecting and maintaining the optical signal
induced by the measurand. The typical parameters of optical fibre to consider are
materials, geometrical diameters (including core and cladding), RI, numerical
aperture (NA), cut-off wavelength, operating wavelength and attenuation. The
selected optical fibres for the sensing platform needs to ensure that the optical fibre
is compatible with the sensing measurand. For example, the optical fibre needs to
have high heat-resistance for measuring high temperature; have strong mechanical
properties for measurement of pressure, strain; have chemical resistance when used

in chemical sensing.
2.2.1.1 Waveguide by total internal reflection

Light travels in an isotropic medium with a constant speed and direction, when light
passes from one isotropic medium to another with different Rl, the speed and

direction of light propagation will be altered. The speed of light in a medium is given

by:

v= (2.1)

<
n
Where v is the speed of light propagation in the medium, c is the speed of light in

vacuum and n is the Rl of the medium.

Snell’s law, also known as the law of refraction, describes the relationship between
the angle of incidence and refraction when referring to light passing through a

boundary between two isotropic media with differential RI.
n,sinf, = n,sinb, (2.2)

Where 8 is the angle of incidence and 6. is the refracted angle. When light goes from
a higher Rl medium into a lower one, n1 > ny, and the refracted angle 6, is bigger than
the incident angle. The refracted angle increases with increase of incident angle.
However, there is a critical angle for the incident beam when the refracted angle
reaches 90 degrees. In this case the refracted light will propagate along the boundary

of two media and further increase of the incident angle will result in total internal
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reflection (illustrated in Fig 2.2). The incident angle when the refraction angle equals

90 degree is called critical angle and can be calculated as:

0, = arcsin (—=2—) (2.3)

n41sinf,

ni>n2

Criticaliangle . .
€ Total internal reflection

Fig 2.2 Refraction of light at the boundary of two media.

An optical fibre is made by creating differential Rl media where the light is
constrained in the higher RI medium based on total internal reflection. This can be
achieved for silica optical fibre either by doping the core with elements like
Germanium which increases the Rl or by doping the cladding with elements like
Fluorine which lowers the RI. The most common processes to produce the glass rod
also called glass preform of an optical fibre are modified chemical vapour deposition
(MCVD), outside vapour deposition (OVD) and vapour axial deposition (VAD), in
which applied mixture gases are fused into solid glass under heating forming glass
preform. The glass preform is then fed to a draw tower which comprises of a furnace,
measurement devices and a coating apparatus to produce optical fibres by
controlling the drawing speed of the process. An optical fibre can be classified as
single mode optical fibre and multimode optical fibre depends on the number of
modes it supports. A single mode optical fibre is designed to carry light only directly
down the fibre and allows only one mode of light propagate through. The typical
structure of an single mode optical fibre (Fig 2.3) consists of (i) fibre core which has
diameter about 5 -10 um, (ii) fibre cladding with a diameter of 125 um, (iii) protective
coating, which is usually made of acrylate, fluoroacrylate, polyurethane, polyamide
or carbon to protect the optical fibre from mechanical damage with a typical

thickness of ~245 um.
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Fig 2.3 Structure of an optical fibre.

Light can be coupled into an optical fibre by using an optical lens to focus light into
fibre core or by using optical fibre connectors such as SMA connectors which fix the
optical fibre closely to the light source. Light is guided inside the core due to the total
internal reflection. The advantage of having a two-layer structure (core and cladding)
over simple version (core only) is the fibre surface, the boundary between cladding
and outer environment is no longer involved in the light-guiding system. The
transmission of light is therefore not affected by the external environment. The fibre
can be buried in soil or under water without loss of function. The core only fibre, in

contact with an external medium, may suffer enormous losses.
2.2.1.2 Numerical aperture

NA is the property of the optical fibre usually used to specify the acceptance angle.
Fig 2.4 illustrates a light ray illuminating the end face of an optical fibre. There are

different Rl between fibre core, cladding and outer air, with a relationship of:

n; >n, > n;

I
|
I
N6 _— Cladding n;

Fibre Core n;

-—— ==
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Fig 2.4 Total internal reflection demonstrating NA; the optical fibre is considered as a step-

index optical fibre
Where ni, ny, n3 represent the Rl of the fibre core, cladding and air respectively.
According to Snell’s law:
nzsina = nysinf (2.4)
n,Siny = n,sind (2.5)

Considering a step index fibre, the Rl of the fibre core is homogeneous. B + y=T]/2

and hence sinf8 =cosy . Then

sinf = /1 —sin?y (2.6)

The limit angle for total internal reflection is defined by sin? § =1, thus
SiNYmin = Z_i (2.7)

Inserting Eq 2.7 in Eq 2.6 and that in Eq 2.4, we have

2
N3SiNApgy = Ny /1 — (Z—i) =/n? —n’ (2.8)

Assuming the light was sent from air into an optical fibre, then we have n;=1. The

limit angle a4, for rays to be guided into the fibre is

Anax = arcsinm (2.9)
NA is a measure that depends on the relative Rl of the core and cladding:
NA = \/n? —nZ (2.10)
The largest acceptance angle for rays hitting the fibre face is given by:
SiNAyary = NA (2.112)

For instance, for a single mode optical fibre, the Rl of core and cladding are known as
1.450 and 1.444 respectively. The NA is then calculated as NA=0.13; the acceptance
angle is about + 7.4°. Rays illuminating the fibre face within this angle will be guided
and those at larger angles will leave the core and propagate in the cladding and move
away from the axis. The propagating light in the cladding will eventually reach the

protective coating which usually has strong optical loss.
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2.2.1.3 Propagation modes in optical fibre and V number

Optical fibres can be classified based on their Rl profile: step-index fibre and graded-
index fibre. The index properties of these two fibres are shown in Fig 2.5. In a step-
index fibre, the Rl of core is uniform and there is a sharp decrease of Rl at the core-
cladding interface. Light bounces back and forth which forms guided modes
propagating in the longitudinal direction. On the other hand, with the graded-index
fibre, the RI in the core gradually reduces its value along the radius. The light
transmits in the continual index profile of core will always bend towards higher RI

areas, creating a self-focus effect within the fibre core to form an optical waveguide.

For multimode fibre of these two categories, the graded-index fibre (parabolic index
profile) are superior over the step-index fibre in dealing with signal delay distortion
caused by path length differences among the possible propagation directions as the
path length differences in the graded-index fibre are compensated by velocity

variations across the core region [124].

Step-index fibre

Graded-index fibre

Fig 2.5 lllustration of step and graded index fibre with its Rl profile; ny is Rl of fibre core and

nz is Rl of cladding.

Propagation modes in optical fibres can be rigorously explained by wave optics as
light is an electromagnetic wave. A mode can be defined as the distribution of an
electromagnetic field in a transverse plane propagating through the optical fibre
without changing its amplitude [125]. The V-number is an important parameter of a

fibre that is used to estimate the number of modes propagate in the fibre:
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v =(2%)Jn=ni = (%) N4 (2.12)

Where a is the diameter of fibre core, n; and n, are the Rl of fibre core and cladding.
A is the wavelength of light. The total number of guided modes in a fibre is
approximately equal to N= VV 2/2 [126]. For an optical fibre with large core diameter
and large NA, it will support a large number of propagation modes. The number 2.405
is the solution of the first zero of the Bessel function of the wave equation [127],
which defines the criterion of the mode cut-off condition. For an optical fibre with
V< 2.405, only one mode is supported, while for V—number is greater than the
number of supported modes increases. A fibre with parameter V < 2.405 is called

single mode fibre and that with V>2.405 is called multi-mode.
2.2.14 Cut-off wavelength

The cut-off wavelength is defined as the maximum wavelength at which a mode will
propagate. The operation wavelength must be greater than the cut-off wavelength
to operate the fibre in a single mode regime. For example, if a single-mode optical
fibre is characterised by a cut-off wavelength of 670 nm, then wavelengths of light
longer than 670 nm only have one fundamental mode inside the fibre. On the
contrary, for a wavelength below the cut-off wavelength, the light propagation will
be multi-mode. Applying the criterion V=2.405 to Eq 2.12, the cut-off wavelength can

be calculated as:

2ma 2ma
Acutors = (2.405) NA = (2.405) ni—n; (2.13)
2.2.1.5 Evanescent field

When total internal reflection takes place at the boundary of core and cladding as
shown in Fig 2.6, there is a portion of the energy in the electric field that penetrates
the cladding which is called the evanescent field. The evanescent field penetrates
from the fibre core-cladding boundary heading away from the core with an

exponential decay in energy.
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Fig 2.6 Evanescent field and penetration depth of an optical fibre.

The energy wave propagates along the interface, the same direction as the light

propagating within the core. The penetration depth (d) is given as:

d=—>=t (2.14)

21 ’n% sin?y—-n2
Where n1, nz is the Rl of fibre core and cladding, respectively; A is the wavelength of

light; v is the incident angle from fibre core to cladding.
2.2.1.6 Mode Coupling and partition noise

The distribution of power at different modes in a multimode optical fibre is not
necessarily maintained as the light propagates along the fibre. There will be coupling
between each mode whenever the fibre is strongly bent. Mode coupling is generally
caused by impurities or inhomogeneities introduced during the manufacturing
process. These imperfections are microscopic bends, diameter variations, irregularity
of the core-cladding boundary and Rl distribution fluctuations [128]. Mode coupling
can occur between the fundamental mode to higher-order propagation modes or
even cladding modes and coupling between different polarization states. Any motion
of fibre or even just small temperature fluctuations can lead to a change of power
distribution between the modes. This does not affect the output of the fibre as long
as the detector measures the sum of all partial powers. However, in practice,
detectors are not necessarily uniformly sensitive across their surface and, as a result,
some modes are registered stronger than others. Then the random changes of the
mode partition will be reflected as the random change of received power. This

phenomenon is called mode partition noise.
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2.2.1.7 Loss and attenuation

Attenuation is one of the most important parameters for an optical fibre, it
determines how far the light signal can be delivered with a detectable signal strength.
The attenuation of an optical fibre is mainly attributed by the material absorption
which is caused by the molecular vibrations or impurities such as OH", or metal ions
during the fabrication process; by Rayleigh scattering which is caused by the
structural inhomogeneities of the optical fibre. These losses are intrinsic loss of an

optical fibre. The attenuation of an optical fibre (a,z) is defined as:

1 PO
Agp = 210 lOg [ﬁ] (2.15)

Where PO is the light input power into the optical fibre, and P(L) is the power
output that is detected at a transmission distance of L. The attenuation of an optical

fibre is usually around 0.2 dB/km.

In most applications considered in this thesis the length of the fibre is short (a few
metres) and so the intrinsic attenuation of the optical fibre is not usually of concern.
However, certain materials, may have massive attenuation at specific wavelengths.
For example, plastic optical fibres usually operate at shorter wavelengths (e.g. red
light) compared to that of silica and have high attenuation when the wavelength is

above 1 um [129] which means that the light detected may be insufficient for sensing.

Optical fibre exhibits an additional transmission loss when it is bent. The loss rises
very quickly once a certain critical bend radius is reached. This needs to be considered
during the optical fibre sensing as it may simulate an optical signal same as when the

measurand is presented.

Additional losses can occur when two fibres are connected. These losses depend on
the type of fibre, the extent of separation and degree to which two fibres are aligned.
In practice, such coupling losses can be minimised by using Rl matching gel or by
using ball lenses between fibres. Two fibres are also can be tightly joined together
with highly efficient coupling. This joint connection can be achieved by mechanical
splicing in which two fibres are tightly held together with cores well aligned via

mechanical means; by fusion splicing where the two fibres are fused together using
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an electrical arc. Fusion splicing provides permanent connection of two fibres with
low insertion loss. The fusion splicing or mechanical splicing usually works well with
low coupling loss unless there are: (a) mismatch of core size, (b) deviation between
the fibre axis directions, (c) angular misalignment, (d) air gap between two fibres.

(illustrated in Fig 2.7).

Optical fibre 1
Fibre Cladding Fibre Cladding
a
I CoTe R Nl Core — -~ - - -~ - i
Fibre Cladding
Fibre Cladding b
- R T e - — -~ -
Core

Fibre Cladding I Fibre Cladding
d
= o= - EEEE

air bubble

Fig 2.7 The loss introduced by fibre connection between two fibres: (a) mismatch of core size,

(b) lateral misalignment, (c) angular misalignment, (d) air gap.
2.2.1.8 Optical fibre coupler

An evanescent field exists at the core-cladding interface and energy can leak from
the fibre into another fibre depending on the proximity (d) of two fibres. A fused
optical fibre coupler generally consists of two or more parallel optical fibres that have
been twisted, stretched and fused together so that their cores are very close to each
other (illustrated in Fig 2.8). This forms a coupling region where the power of light
from one optical fibre into the second or more optical fibres. The coupling ratio of an
optical fibre coupler is determined by the coupling length (L) and the distance

between two fibres (d). A typical 50:50 or 3 dB 2x2 coupler has two inputs and two
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outputs; the input power (Pin) is equally split at the coupling region to the two
outputs (Pout). A 3dB 1x2 coupler has the same coupling ratio with the 2x2 coupler
but with one output arm cut short, crushed and tucked away inside the housing of

coupler so that the reflection from the facet is neglected .
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Coupling Region
Fig 2.8 Schematic image of the light coupling in an optical fibre coupler.
2.2.2 Light sources

An appropriate light source is essential for the FOS. The general considerations in
choosing the light source when designing an FOS are operating wavelength, optical
output power, output stability, power consumption and lifetime. The operating
wavelength should cover or match to the designed wavelength of the transducer as
a mismatch of wavelength could cause nonresponse or lower sensitivity of
transducer to the measurand. The output power is especially important for an optical
biosensor or chemical sensors as lower output power may lead to an insufficient
interaction of light with the sample leading to a small magnitude of the induced
optical signal, whereas high power of light will cause damage of a biological
sample [130] or photo-bleaching of some colour chemicals (e.g. fluorophore) [131].
Light emission angle of a light source also needs to be taken into account as it (along
with the NA of the fibre) determines the coupling efficiency of light into the optical
fibre. There is a vast variety of light sources in the market that can be generally

classified as incandescent lamps, discharge lamps, semiconductor source and lasers.
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Each type of light source has its advantages and disadvantages. Depending on the
technology requirement and limitation of optical fibre sensing techniques, different
light sources can be chosen to meet the requirement and be cost-effective. For
example, laser light has high coherence and can be easily coupled into fibres; it is
usually applied in the optical fibre interferometer sensor as it has long coherence
length and it is easy to obtain interference fringes. Compared with the laser source
that has a narrow bandwidth, incandescent light can have a broader wavelength
range of white light (e.g. Halogen lamps). The white light source is commonly
exploited when measuring the absorption of a dye compound or fluorescent
molecular based on the fact that those chemical molecules usually work in the visible
wavelength range. Semiconductor sources such as light emitting diodes (LEDs) are
also popular in designing FOS thanks to their high stability, low power consumption

and multiple selections of wavelength in the range from 240 nm to 900 nm [132].
2.2.3 Detectors

Photodiodes are the most common detectors that are exploited for precise
measurement of the intensity of light in science and industry. They are devices that
convert the optical energy into electrical signals by producing photocurrent through
a p-n junction after absorbing photoenergy and used for detecting the intensity
modulated optical signal of an FOS. The absorption of photoenergy in the depletion
region of a p-n junction creates electron-hole pairs; these hole pairs are swept from
the junction due to the built-in electric field resulting in the movement of electrons
toward the cathode and production of photocurrent. Photodiodes generally have an
enhanced, more linear response to the detected light than photoconductors. They
usually have a compact size, low noise and wide spectral response. Depending on the
material, each photodiode has its specification that only detects the wavelength of
light located in the spectral range. For example, a photodiode made from silicon
usually has a spectral response range of 190-1100 nm, 400-1700 nm when it is made
with germanium, 800-2600 for indium gallium arsenide and <1000-3500 nm for
Lead(ll) sulphide [133]. The wavelength detection range of the photodiode for
designing the FOS needs to match the wavelength of the light source or optical signal

induced by the transducer to ensure the optical signal can be properly detected.
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Charge-coupled devices (CCDs) are also commonly used for FOS measurement when
spectral information is required. CCD detectors consist of a two-dimensional detector
array built on a single strip of silicon (labelled as 7 in Fig 2.9). The pixels accumulate
light intensity information until they are read out and a new exposure starts. The
available response range of CCDs is from 200 nm (with UV enhancement) to 1000 nm.
As illustrated in Fig 2.9, light from an optical fibre enters the CCD spectrometer, it
passes through the entrance slit and undergoes reflection at collimating mirrors
(labelled 4) and diffraction at a fixed grating (labelled 5), the light is then decomposed
into multiple wavelengths with different optical path. All the wavelengths arrive
ultimately at the detector array (labelled 8) after being reflected by a focusing mirror
(labelled 6). The spectral output of CCDs has an advantage in the application of FOS
which provides two-dimensional information with wavelength and intensity.
However, this type of device is usually expensive and bulky compared with

photodiodes.

Fig 2.9 Schematic of optical spectrometer. The graph is from Ocean Optics [134]. 1,SMA
connector; 2,slit; 3, filter; 4, collimating mirror; 5, diffraction grating; 6, focusing mirror; 7,

cooling set; 8, detector array.
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2.3 Classification of FOSs

FOSs have numerous configurations depending on the way of the light interacts with
the measurand. They can be classified into two categories based on the configuration
of the transducer: intrinsic and extrinsic. An intrinsic FOS directly uses the optical
fibre itself as a transducer, this can be done by a micromachining process (e.g. laser
processing, arc discharge, chemical etching) to produce fibre gratings [135],
interference cavity [136], cladding removed fibre [137], U-shape fibre [138] or
microchanneled optical fibre [139] for sensing. These types of FOSs are commonly
used for the sensing of physical parameters such as temperature, pressure, strain
and RI. For the extrinsic FOS, light leaks from the optical fibre and interacts with an
external functional material or structure that is incorporated with an optical fibre. In
this case, the external material or structure is the sensor transducer. This
configuration is usually used in sensing of chemicals or biological samples by
determining the type of functional material. The functional materials convert the
biochemical change caused by the measurand into a measurable optical signal from

a change in its optical properties (e.g. absorbance, RI, fluorescent status).
2.3.1 Configuration of extrinsic FOS

There are various configurations of FOS reported that are incorporated with sensing
materials for detection of absorbance, Rl or fluorescent signal change. A cladding
removed FOS (Fig 2.10a) is fabricated by removing the cladding of an optical fibre to
expose the evanescent field to the environment of interest. For fibres with a silica core
and a polymer cladding (e.g. urethane acrylate, polyamide, poly methyl
methacrylate), this can be done by removing the plastic coating with a burner, using
a mechanical fibre stripper, or by plasma processing. For fibres whose core and
cladding are silica, chemical etching with hydrofluoric acid (HF) can be used but the
reaction time needs to be precisely controlled [140]. By replacing the cladding with
sensitive functional materials, the cladding removed FOS has been used to measure
ammonia gas [141], carbon dioxide [69] based on the absorption change of sensing
material, volatile organic compounds such as methanol, ethanol by detecting the RI

change of a coated material [142]. An SPR sensor can also be made by using this
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configuration for the detection of a biological sample, i.e. proteins [143]. A tapered
FOS (Fig 2.10b) is made by heating a section of the single mode optical fibre and
pulling both ends in the opposite direction either using a constant speed, force or
tension. Depending on the pulling condition, the tapered fibre can be fabricated with
different shapes and properties. Fibre tapers are of two distinct types: adiabatic and
non-adiabatic depending on the taper angle. An adiabatic fibre taper has a small taper
angle so that there is a smooth mode conversion without significant losses in the
transmitted signal [144]. The light remains in the fundamental mode as it propagates
along the taper. The working principle of an adiabatic taper is similar to the cladding
removed fibre as the aim of both procedures is to expose the evanescent field outside
the fibre. On the other hand, non-adiabatic fibre tapers have an abrupt taper angle so
that more than one mode exists when the light propagates along the taper region due
to the large Rl difference between air and glass [145]. The multiple modes of the taper
will interact with the fundamental mode of the unpulled fibre creating an interference
peak which acts as an interferometer. This non-adiabatic tapered sensor configuration
has been exploited for measurement of Rl and as a biosensor for detecting of amino
acids [146]. As a specific type of cladding removed FQOS, a U-shape fibre sensor (Fig
2.10c) is favoured as it exhibits a higher sensitivity to the surrounding Rl than the
straight fibre sensor due to the extended evanescent field caused by the bending
[147]. The sensitivity of such sensors varies for different bending radius [138]. There
are also other types of cladding removed fibre sensors such as D-shape or side-
polished optical fibre sensors that have been utilised for chemical sensing [148, 149].
The use of an optical fibre coupler allows the fabrication of FOS in reflection mode
(Fig 2.10d). A sensing film is coated on the tip which provides direct interaction of light
with sensing materials. Such a sensor configuration has a miniaturised area compared
with others. Depending on the properties of the coated film, such a configuration can
be constructed as a FPI sensor for chemical sensing [150] based on the interference
between the reflected beam from two interfaces of the film. The visibility of
interference fringes depends on the reflectivity of two interfaces, optical path length
difference of two interference beams and the light source. To obtain the interference,
the optical path length difference should be less than the coherence length of the light

source. Moreover, coating fluorescent dye on the tip of the optical fibre allows
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excitation of the fluorophore and collection of the fluorescent signal in the same fibre

[70].
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Fig 2.10 The configuration of extrinsic FOS. (a) Cladding removed FOS; (b) Tapered FOS; (c)
U-shape FOS; (d) Tip based FOS.

2.3.2 Grating-based optical fibre sensor

A grating is fabricated by introducing a periodic RI modulation inside the optical fibre
core (Fig 2.11). The light that propagates along the longitudinal direction (z-direction)
undergoes diffraction due to the grating. Depending on the grating period, the
diffraction of light can either have a backward mode with all light trapped inside the
core (grating period < 1um) or a cladding forward mode where light propagates in
the cladding (grating period> 100 um). These are called Fibre Bragg grating (FBG)

sensor and Long period grating (LPG), respectively. The wavelengths of light for
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forward or backward propagations are determined by the grating period, they can

occur at visible wavelength range or infrared range.
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Fig 2.11 Schematic of a grating-based FOS; the Rl of fibre core has a periodic modulation

due to the existing of the fibre grating.

The typical way to fabricate a grating sensor is to apply a periodic ultraviolet (UV)
light pattern on a photosensitive optical fibre [151]. The photosensitive optical fibre
changes locally its Rl when irradiated by UV light. An optical fibre can be
photosensitive after doping materials such as germanium (Ge), cerium and europium
during the fabrication process. Although the photosensitivity of fibres doped with
cerium and europium have been reported, the Ge-doped optical fibre has been
demonstrated to have the maximum Rl change [152, 153]. The Ge-doped optical fibre
changes its Rl after absorbing the UV radiation and the biggest RI modulation is
obtained when the incident UV radiation matches the absorption wavelength of the
germanium-oxygen deficiency centre (GODC) [154]. The magnitude of
photosensitivity is also proportional to the amount of Ge doped in the fibre and the
Rl change induced for standard single mode fibres with 3 % Germania is
approximately 3x10” [155]. The RI change can be enhanced about two orders of
magnitude with the help of molecular hydrogen or deuterium [156]. The hydrogen-
loading of Ge-doped fibre can be practically achieved by high-pressure loading. The
addition of hydrogen to Ge-doped glass leads to the breakdown of the Si-O-Ge bonds

resulting in the formation of Si-OH bonds and GODC, both contribute to the increase
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of Rl [156]. The UV irradiation method to fabricate a grating on a photosensitive fibre
requires removal of the plastic outer layer of the optical fibre which could have
absorption and scattering effects on the UV light and affect the interaction of light
with the fibre. In recent decades, femtosecond lasers have been of interest in the
fabrication of grating [157]. The ultrahigh peak power radiation generated by the
pulse laser can induce an Rl change through multiphoton absorption and ionisation
processes that result in material compaction or defect formation depending on the
intensity of exposure. This method eliminates the use of expensive photosensitive
optical fibre for fabrication and reduces the fabrication cost per grating. Moreover,
it removes the need for removing plastic protection coating and keeps the

mechanical integrity of the grating sensor.
2.3.2.1 Fibre Bragg grating sensor

An FBG sensor is probably the most popular grating-based sensor and is widely
explored and commercialised. For example, it has been used as a sensor for stress
monitoring [158], temperature monitoring [159] and structural health monitoring
[159]. A conventional FBG is fabricated by introducing a short period of Rl modulation
using a laser with a point-by-point exposure [160] or multi-beam interference using
a phase mask [161]. An FBG is characterised by a backward propagation of light at a
specific wavelength while transmitting all others. The reflected wavelength is defined

by [162]:
A= ZneffA (216)

Where n s is the effective Rl of the fibre core and A is the grating period. As all light
propagates inside the fibre core, the conventional FBG is free from the surrounding
perturbation of RI. FBG sensors are commonly used for sensing of physical
parameters such as temperature and strain. Typically, FBGs have a length of 5 mm
with a temperature sensitivity of 10 pm/°C and strain sensitivity of 1 pm/ue (pe
=microstrain) while operating at 1500 nm [163]. Special techniques have been
exploited for FBG fabrication or post-treatment in order to incorporate the FBG with
functional material for chemical sensing, these include fabricating the tilted FBG

[164], etched or side-polished FBG [165]. By etching or side-polishing the fibre
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cladding around grating, the evanescent field of the guided mode is accessed. An Rl
change under the evanescent field will change the effective Rl of the guided mode
resulting in a shift of the Bragg resonance wavelength. The major drawback is the
requirement of an expensive high-resolution spectrum analyser due to the small
strain or temperature-induced wavelength shift (1 pm/pe and 10 pm/°C,
respectively). A bi-cell detector that has two photo detectors located closely to each
other may be used to detect the intensity change induced by the small shift of the

wavelength and will be a low-cost detector for the FBG sensor.
2.3.2.2 Long period grating sensor

An LPG sensor couples the energy of the fundamental core mode to discrete,
forward-propagating cladding modes (Fig 2.12). The cladding modes are quickly
attenuated resulting in the transmission spectrum of the fibre containing a series of
attenuation bands with discrete wavelengths. Each wavelength of the attenuation
band corresponds to the coupling of a different cladding mode. The central
wavelength of the attenuation band depends on the grating period, and the external
environment perturbations such as temperature, strain and Rl of the surrounding
medium [166]. Due to the capability of responding to the surrounding RI, LPG sensors
have been demonstrated as biosensors for detection of biological molecules such as

RNA [167], antibodies [168] and bacteria [40].

Fundameantal core mode Cladding modes

LPG

Fig 2.12 Waveguide of a standard optical fibre (top) and an LPG sensor (bottom).
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2.3.2.2.1 LPG sensor fabrication

The inscription of a grating with long period in an optical fibre is the generation of
periodical perturbation of Rl in the core. Different physical properties and variable
structure of optical fibre have been used to produce such perturbation. UV laser
radiation is the most commonly used method to produce LPGs. The electric arc
technique is a simple, flexible and low cost thermal induced method to fabricate the
grating [169]. The heating processed by an electric arc in an optical fibre alters the
viscosity, and as a result, the Rl and symmetry is slightly modified. The method can
be applied in any type of optical fibre but with a limit of fabricating grating periods
below 200 um [170]. Due to the photo-elastic property of glass, the Rl of glass can be
modulated when the glass is exposed to stress. Thus, LPG sensors have been
successfully fabricated by applying mechanical stress to induce periodical
microbending or pressure points [171]. Another way, but not popular, is etching
induced RI modulation. The Rl modulation is introduced by periodically removing the
cladding region of the optical fibre via chemical etching using HF. This method suffers

low repeatability and difficulty in controlling the structures.
2.3.2.2.2 LPG theory

The wavelengths of discrete attenuation bands appearing at the transmission

spectrum of an LPG sensor are governed by [172]:

Ares = (neff —n&7 )A (2.17)

co clm

that illustrates the relationship of resonance bands (4,.;) with the intrinsic

properties of the LPG (grating period ( A), effective Rl of the fibre core nigf , extrinsic

eff

variation ncl,m

). According to the three layer theory from Erdogan [172], the
effective RI of the fibre core is determined by the Rl of the core and the cladding;
whereas the effective Rl of the cladding is regulated by the Rl of the core, the RI of
the cladding as well as the Rl of the external environment surrounding the cladding.
Changing the Rl of the medium surrounding the cladding alters the effective Rl of the

cladding mode leading to a wavelength shift of the resonance bands.
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2.3.2.2.3 Phase matching turning point

An LPG sensor is intrinsically sensitive to the surrounding Rl and the sensitivity
depends on the interaction of cladding modes with the surrounding RI. The sensitivity
reaches its maximum close to the phase matching turning point (PMTP) [173]. Fig
2.13 illustrates the phase matching curve that is achieved from Eq 2.17 via calculating
the effective Rl of core and effective Rl of cladding for each coupled mode, shows the
resonance wavelengths of an LPG as a function of grating period for the first 20
cladding modes between wavelengths of 0.8-2 um. The PMTP is defined as the region
where the slope of the phase matching curve changes from positive to negative.
Beyond the PMTP, for each grating period, there are two wavelengths corresponding
to the coupling to the same cladding mode (Fig 2.13). Therefore, for a given grating
period, there will be dual resonance peaks appearing in the transmission spectrum
when the monitored cladding modes are beyond the PMTP. The PMTP is located at
longer wavelengths for lower cladding modes and shifts to shorter wavelengths as
the mode number increases. Theoretically, a PMTP exists for each mode provided
that the observed wavelength range is large enough. The maximum sensitivity
condition of each cladding mode is determined at the PMTP, and thus an LPG sensor
can be designed to have the highest sensitivity for particular wavelength by selecting

a cladding mode and grating period at or close to the PMTP.
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Fig 2.13 Phase-matching curves of the first 20 cladding modes in the wavelength range of
0.8 to 2 um: (a) cladding modes 1-10; (b) cladding modes 11- 20. PMTP are illustrated for
each cladding mode. The graphs are modified from the work published by Shu, et al., [173]
and Rego, et al. [174].

2.3.2.2.4 Rl sensitivity

The sensitivity of an LPG sensor for surrounding Rl can be understood by the

following equations [173]:

dAres
dngyr

= AyesY I'sur (2.18)

Where Yis the waveguide dispersion and defined by:

dAres

— da
Y = W (219)

co clm
Where dA,.;/da represents the slope of the dispersion curve. g, is the
surrounding Rl dependences of the waveguide dispersion, expressed as:

_ u72n/113”esnsur (220)

[sur = —
3 eff_eff 2 _ .2
81rrclncl(nco _ncz,m)("cl_nsur)

N W)
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The term u,, is the m*" root of the zero-order Bessel function; n., and r,; are the RI

and radius of the fibre cladding, respectively.

From Eq 2.18 and Eq 2.19, it is clear that the sensitivity increases with the slope of
dispersion curves. Combining with the phase matching curve (Fig 2.13), this shows
that the higher cladding mode is more sensitive which can also be verified from the
energy distribution of modes as higher cladding modes couple more energy than
lower ones. For a particular mode, the resonance wavelengths beyond the PMTP
exhibit higher sensitivity. Eq 2.20 also shows that the sensitivity increases as the
surrounding Rl approaches that of the cladding. In this case, the evanescent field
extends further into the surrounding medium leading to a higher interaction. The
phenomenon of Rl sensitivity transition has been experimentally demonstrated by
G .Rego [175]. As illustrated in Fig 2.14, the magnitude of the resonance wavelength
shift increases as the Rl gets close to ~1.46 (which is very close to the Rl of the
cladding). The transmission value, on the other hand, exhibits an increase while the
Rl reaches ~1.46. The attenuation band disappears as the Rl matches the Rl of the
fibre cladding. When the Rl rises above that point, the attenuation band appears but
with the wavelength shifting to opposite direction. In this case, the modes are
propagating by Fresnel reflection and not by total internal reflection (nsur > na ), and
they lose part of the energy at each reflection interface and are known as lossy
modes. The resonance wavelength, in this case, is no longer sensitive to the further
increase of the RI. This is because the phase of the partially reflected field at the

surrounding-cladding interface does not change with the external medium [176].
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Fig 2.14 Plot of wavelength shift (a) and transmission value (b) of the attenuation band in
response to the surrounding RI. The central wavelength of the attenuation band is
corresponding to the fifth cladding mode of an LPG sensor with a grating period of 400 um.

The image is obtained from the publication of Rego [175].
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2.3.2.2.5 Temperature sensitivity
The temperature sensitivity of an LPG can be expressed as following equation [173]:

dAres
ar Ares Y(T + rtemp) (2.21)

T is the thermal expansion coefficient of the fibre. Y decribes the waveguide
dispersion as introduced in Eq 2.19 and T[¢emp, is the temperature dependence

sensitivity factor.

ff eff
_ Econéo —Ecn

clm
[temp = T (2.22)
P nggf_nﬁl,m

€co and & are the thermooptic coefficients of the core and cladding, respectively.

In Eq 2.22, the temperature sensitivity factor depends on the fibre materials which
contribute to the thermooptic coefficients. The thermooptic coefficient of the pure
silica (the material of fibre cladding) is 7.8 x 10 according to [173]. Therefore, for a
given value of €, , the absolute value of temperature sensitivity factor [emp
decreases for higher cladding modes because the n&f —ngft, is larger. The Tiemp
increases as the thermooptic coefficient difference between fibre core and cladding
material increases. Therefore, the [emp can be either positive or negative depends
on the fibre materials. In general, for a silica-based fibre, thermal expansion
coefficient 7" in Eq 2.21 is 4.1x107 and is far smaller than r.m, . Then the
temperature sensitivity is determined predominately by the product of Y r.p,,,. Based

on this phenomenon, it is possible to fabricate an LPG that is temperature insensitive

[177]. For example, when a = — ey
2.3.2.2.6  Strain sensitivity

The axial strain sensitivity of LPGs can be expressed as:

dA’TeS
e = Aresy(l + rstrain) (2.23)

Y describes the waveguide dispersion as introduced in Eq 2.19 and [gtrqin IS the

strain dependent sensitivity factor.
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o (2.24)

clm

Istrain = neff

co n

Where n_, and n, are the elastoopitc coefficients of the core and cladding,
respectively. The strain sensitivity factor [grain is determined by the elastoopitc

coefficients of the fibre materials as well as mode number. As shown in Eq 2.23, the

dAres

strain sensitivity, I

, depends on the value of strain sensitivity factor [strain -

Similar to temperature sensitivity, the strain sensitivity can be either positive or

negative or to fabricate the strain insensitivity sensor if Tgirain=-1.
2.4 Functional film deposition techniques

Optical fibres are usually made of substrates that are chemically inert (e.g. silica) and
do not make direct interaction with chemical species or biological molecules for
sensing. Fibre optic bio-/chemical sensors are configured by functionalizing optical
fibre with materials that respond to sensing targets and change their optical
properties correspondingly. How to incorporate such functional materials with
optical fibre is the key step in the development of FOS bio-/chemical sensors. The
film deposition techniques fall into two categories: chemical deposition and physical
deposition. There are no strict boundaries between the two categories; the
classification depends on whether the primary principle is closer to which side.
Chemical deposition techniques require the depositing molecules having specific
chemical properties. For example, the Langmuir-Blodgett method requires
depositing molecules that are amphiphilic with a hydrophilic head and a hydrophobic
tail [178]. Chemical vapour deposition (CVD) require the depositing element is halide
or hydride. Physical deposition techniques usually occur at an energetic, entropic
environment and require expensive instruments; these include electron beam

evaporator, sputtering and cathodic arc deposition.
2.4.1LBL deposition technique

LBL technique is used in later Chapter (Chapter 6) as part of the functionalisation
process for LPG IgM sensor. The following content provides a brief introduction and

review for the application of such a technique. LBL assembly is a thin film deposition
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technique that has developed as a group of versatile and convenient methods for
constructing composite films with precise control of film structures and composition.
It has been of great interest because of its ability to control the film thickness in
nanometre scales and its inexpensive choice of usable materials for coating planar
and particulate substrates. The fabrication can be accomplished by using various
techniques such as immersion, spin, spray, electromagnetism or fluidics [179] in
which automation or robotics can be applied. There are diverse driving forces for LBL
film fabrication such as electrostatic interaction, hydrogen-bond, halogen-bond,
coordination-bond and cation-dipole interaction. The LBL-deposition techniques
have been utilised for fabrication of antireflection coatings [180], controlled
releasing coating in drug delivery [181], biosensors [182] [183], solar-energy
conversion [184] and separation membranes [185]. With the development of
material science, the extension of materials for LBL film fabrication will certainly
enrich the structures and the functionality of LBL-deposited film materials. The films
are usually formed by alternately depositing oppositely charged materials with wash
steps in between. When immersed in a solution with positively charged
polyelectrolytes, the negatively charged surface become positive due to the
overcompensation by the surface adsorbed of positive polyelectrolytes. Typical

immersion coating steps are illustrated in Fig 2.15.

> 4
Repeatprocess

Fig 2.15 An immersion LBL deposition process.

The materials (e.g., particles in colloid or polymers) with opposite charge to the

immersed substrate are driven by electrostatic force and attach on the substrate
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surface. Multiple layers of film can be produced by repeating the deposition cycle.
The LBL technique is not only applicable to polyelectrolyte systems but also for
almost any type of charged species including inorganic molecules, nanoparticles,
nanotube and nanowires, proteins, nucleic acids and DNA, and viruses. Table 2.1 lists
the combination of positively charged materials with negatively charged materials
that are found in the literature for LBL fabrication of thin films. There is also some
cross combination between polycations and negatively charged materials such as

PDDA/SiNPs, PAH/PSS that are not listed.

Table 2.1 A review of LBL thin film fabrication and their application.

Polyanions/
Polycations / Positive
negative charged Intended use
charge
particles
Poly Poly (acrylic acid) (PAA) Anti-corrosion and self-heal
(diallyldimethylammo coating [186]
nium chloride) (PDDA)
Poly (allylamine Poly (acrylic acid) (PAA) Matrix for pH sensing [187]
hydrochloride ) (PAH)
Poly-L-lysine Polystyrenesulfonate Biofunctionalisation of
(PLL) (PSS) electronic devices [188]
poly(allyamine Ethylenediaminetetraa | Switchable materialsin
hydrochloride) cetic acid bioanalysis and bioseparation
(PAH) (EDTA) [189]
Poly CdTe nanocrystals Selectively deposition on
(diallyldimethylammo working electrode [190]
nium chloride) (PDDA)
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Poly-L-lysine (PLL) Dextran sulfate (DS) | Film formation kinetics study
[191]

Poly-L-lysine (PLL) DNA Film property investigation
[192]

Poly-L-lysine (PLL) Heparin (HEP) Drug delivery [193]

Poly-L-lysine (PLL) Hyaluronic acid (HA) | Drug releasing systems [194]

Poly(ethyleneimide) Avidin Disintegration study [195]

( PEI)

Poly (allylamine SiNPs Biosensors, chemical sensor

hydrochloride ) (PAH) [183, 196]

Poly tetrakis(4- Ammonia sensing [197]

(diallyldimethylammo | sulfophenyl)porphine

nium chloride) (TSPP)

(PDDA)

poly(allyamine platinum tetrakis Sensor for detection of O3

hydrochloride) pentrafluorophenyporp | [198]

(PAH) hine (PtTFPP)

2.4.2 Sol-gel technique

Sol-gel is a method to produce a solid material from monomer molecules. It is a
process that the phase of an aqueous system transits from a liquid to a diphasic
system which contains both a liquid and solid phase, or to a solid phase. The method
is employed in Chapter 4 for the synthesis of SiNPs and in Chapter 7&8 for the
production of a matrix film that encapsulates colourimetric dyes for the measuring

of CO;. The sol-gel process is used to fabricate glassy and ceramic materials. A typical
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example of the process is the polymerisation of metal alkoxides to form a metal oxide
network structure. A popular choice used in the preparation of silica-based gels are
tetramethoxysilane, Si(OCHs)s, and tetraethoxysilane, Si(OC2Hs)a, known as TMOS
and TEOS, respectively. In the process, there are two distinct reactions: hydrolysis
and polycondensation. The liquid silicon alkoxide precursor (Si(OR)s) initially
undergoes hydrolysis (Eq 2.25) by reacting with water forming silanols (Si-OH) group.
As water and silicon alkoxide are immiscible, this requires a solvent which can
dissolve the both to make the reaction more efficient. Hydrolysis occurs very fast
once the silicon alkoxide makes contact with water, the reaction speed depends on
the concentration ratio of both reactants. Depending on the amount of water
present, the hydrolysis may go to completion or stop while the metal is only partially
hydrolysed. Complete hydrolysis often requires an excess of water and the use of a
catalyst. In this stage, a liquid medium containing numerous small particles is

referred as the Sol.

Si(OR)4+4H20H+LOH_>SL’(0H)4 + 4 R(OH) (2.25)
During hydrolysis, a polycondensation process occurs simultaneously to form a 3-D
entangled network of the corresponding inorganic oxide. The hydrolysed product,
silanol groups, are cross-linked by forming siloxane bonds (Si-O-Si) as illustrated in
Fig 2.16. The Sol is converted into a gel in this stage.

| \ o/

—_—

—S—OH +  Ho—S— == NS+ HO

| /™
Fig 2.16 Condensation process between silanol groups.

Therefore, the total reaction of the sol-gel process is:

HYtor OH™
Si(OR)4+ 2H,0 — Sio, +4R(0H) (2.26)

Hydrolysis and polycondensation can be accelerated by adding an appropriate acid
or base catalyst. Catalyst plays an important role in determining the structure of the
silica dioxide network as it affects the ionic charge of the silica particles that directly

affect the polycondensation rate. At low pH (acidic condition), the silica particles bear
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very little ionic charge and thus can collide and aggregate into chains, forming linear
molecules that are occasionally cross-linked resulting in polymeric structure [199].
Under high pH (basic condition), there is a faster hydrolysis speed that forms more
highly branched clusters that behave as discrete species [199]. The silica particles
aggregate and attach to each other forming a mesoporous structure. A xerogel film
can be prepared by coating the sol solution on a substrate via a dip-coating or spin-
coating method and drying the wet film under mild conditions (low temperature 25-
100 °C). The film usually undergoes a shrinkage after the liquid inside of the pore has
been removed by evaporation. A process of the sol-gel technique is illustrated in
Fig 2.17. Inside the silica film, there are three types of chemical groups: siloxane
bridges (=Si-0-Si=), hydroxyl groups (-OH) and unsaturated Si atoms. The siloxane
bridges are hydrophobic whereas the hydroxyl groups and unsaturated Si are
hydrophilic so that water molecules can absorb on the film surface by physisorption.
The hydrophobicity of such silica film is determined by the number of hydroxyl
groups presented. Sintering of film at high temperature (above 200 °C) can reduce
the number of hydroxyl groups and increase the hydrophobicity of film [200].
Another way to increase the hydrophobicity is to substitute the hydroxyl groups with

some organic [201] or inorganic groups [202] via chemical modification.

Xerogel Film Dense Film

Wet gel

Coating Evaporation Xerogel Dense ceramics
Heat
|

Hydrolysis Gelling
xtraction of

Polymerisatio
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}

Uniform particles

Precipitating @909 @
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Fig 2.17 Schematic representation of the different stages and routes of the sol-gel

technology.
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The fabrication of sol-gel xerogel film has been applied in doping with sensing
elements such as fluorescent dyes, a pH indicator for chemical sensing [70, 203-206].
The mesoporous silica structure provides the cage-like structure to physically or
chemically entrap the sensing element inside the film and meanwhile, allows the
analytes to diffuse into the pores and interact with the sensing element. The formed
porous silica matrix is transparent with lower light adsorption; it is chemically inert
and the most important feature is that it is easy to entrap active species. The physical
entrapment allows the gel matrix to entrap any species from small molecules to big

compounds, from liquid phase to solid phase.

Compared to aerogel film described above, an aerogel film can be obtained by drying
the wet sol-gel film under supercritical condition (e.g. high pressure, high
temperature) so that the liquid inside the pore is replaced by air; such film bears less
shrinkage with higher porosity (~30-99 %) [207]. However, this film is almost

impossible to obtain in ambient conditions.

Apart from making ceramic films, the sol-gel process has also been widely used to
fabricate spherical SiNPs [208, 209] that offers a straightforward, scalable and
controllable method to produce variable sizes (Fig 2.17). The SiNPs have a regular
porous structure with uniform pore size, large surface area and superior thermal
stability. They are suitable for a variety of application in diverse fields such as drug

delivery, biosensors and molecular separations.
2.5 Gas diffusion through the porous silica film

Gases can pass through the porous silica film and their diffusion rate largely depends
on the characteristic of the diffusion gas (e.g. diameter, polarity), membrane
characteristics (e.g. pore size, thickness and chemical groups on the surface) and
operating condition (e.g. pressure, temperature). The gas permeation of such silica
film is usually classified as Knudsen diffusion due to the small size of pore (average
diameter of a few nanometres) approximately equal to the mean free path of a gas
molecule [210]. According to Fick’s first law of diffusion, the diffusive flux (J) in a given
direction is related to the gradient of the concentration (Cgas) as it is expressed in Eq

2.27:
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dCgas

- (2.27)

J=-D

Where x is thickness of the silica film and D is diffusion coefficient which can be

expressed as Eq 2.28 for Knudsen diffusion [211].

d ’BRT

Where R is gas constant value, M represents the molecular weights of gas and dp is
the mean pore size of the silica film. Considering the ideal gas relation in which the

correlation of gas concentration with gas pressure (P) and temperature (T):

P

Cgas = E (229)

The Eq (2.27) can be rewritten as Eq (2.30) by substituting Eq (2.28), Eq(2.29) into Eq
(2.29):

]=_d_p 8RTdCgas _  dp [ 8 AP
3 3

TM dx 1 MRT L (2.30)

Where AP is the pressure drop as the driving force for diffusion across the diffusion
length L or the thickness of the silica film. Therefore, the diffusion flux of a specific
gas in a porous silica film depends on the geometry of the film (pore size and
thickness) as well as gas pressure and temperature. It has a higher diffusion rate for
gases with small molecular weight. The theoretical gas diffusion mode is not taken
into account of the chemical interaction of gases with film, for example, the silica film
contains silanol groups (-OH) which can produce strong interaction with polar gases

(e.g. NH;3) affecting the flux of gases.
2.6 Summary

FOSs have been widely applied for sensing of physical and chemical parameters. A
typical FOS comprises of a light source, optical fibre transducer and photodetector.
The choice of the three components should consider many factors, for example,
operating wavelength of light source, the attenuation of light in optical fibre and the
sensitivity of photodetector while designing the sensor for a specific application. FOS
bio-/chemical sensor can have various fibre configurations to create interaction of

light with the sensing material around it. The determination of the configuration
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relies on the change of sensing materials after interacting with target molecules. LPG

sensor is sensitive to surrounding Rl and is an elegant platform for biosensing.

LBL method provides a precisely controlled thickness to build up film via molecular
interaction between each layer. Sol-gel method is used to prepare porous silica film
and is versatile for sensor fabrication as it can dope different sensing elements such
as pH dyes and easy to deposit on the optical fibre. The mesoporous structure of

silica film allows gas exchange between the inside and outside of the film.
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Chapter 3  LPG sensor fabrication and

characterisation

3.1 Introduction

As discussed in the previous chapter, LPG sensors are sensitive to Rl (Rl), temperature
and strain. Their sensitivity to perturbations in these parameters reaches a maximum
at the PMTP of each mode [173, 212]. We are interested in fabricating LPGs with a
period around 110 um which couples to higher cladding modes and the PMTP is
observed at wavelengths located closer to the visible light range (850 nm). This
renders a higher sensitivity than that of lower cladding modes as explained in Section
2.3.2, Chapter 2. Besides, the shorter wavelength range allows the use of a visible-
near-infrared range optical spectrometer and a cheap halogen light source rather

than an expensive optical spectrum analyser and light source.

In this chapter, the system set-up and process for fabrication of LPGs by using UV
irradiation are introduced. The fabricated LPGs have phase matching dual bands
centred at around 850 nm in their transmission spectrum. Simulation of an LPG
transmission spectrum is demonstrated by using OptiGrating. Characterisation of
such an LPG sensor was conducted experimentally in terms of sensitivity to
temperature, strain and RIl. The chapter describes two LPG fabrication methods
which are the point-by-point method and the amplitude mask method. The point-by-
point method has flexibility in the fabrication of various grating periods of an LPG
compared with the amplitude mask method, in which each mask can only fabricate
one fixed period of LPG sensor. However, the latter has a short fabrication time and

will be used if the desired grating period matches the amplitude mask.
3.1 Fabrication of LPG sensor

The fabrication system used is illustrated in Fig 3.1 [151]. The system comprises (i) a
UV laser which is a frequency-quadrupled Nd:YAG laser (Continuum Minilite-10, USA)
operating at a wavelength of 266 nm, the output power (measured with laser power

meter from Coherent Ultima Labmaster) of the laser is about 7 mW, (ii) A cylindrical
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lens with a focal length of 100 mm was exploited to focus the laser beam, (iii)
translation stage (Physik Instrumente, Germany) with a resolution of 1 um that is
used to move the fibre to a new position, (iv) A slit or amplitude mask that constrains
the size of laser beam illuminating the optical fibre, or projects a grating pattern onto
the optical fibre, respectively. Boron-germanium photosensitive optical fibre (PS750,
Fibrecore, UK) with a cut-off wavelength of 750 nm was placed into V-grooves that
are mounted on either side of the translation stage. The fibre was stretched in taut
and fixed with two strong magnets to the V-grooves during the laser irradiation
process. Before placing on the V-grooves, the optical fibre was initially stripped
mechanically (~3 cm length in the mid-section) using an optical fibre stripper and
cleaned with isopropyl alcohol to remove any debris that could become a hot spot

and damage the fibre.

Fig 3.1 Laser system set-up for fabrication of LPG sensors.

Before starting to fabricate LPGs, it is necessary to predict the desired grating period
according to transmission spectrum of the users’ requirement. This can be done from
the phase matching curve explained in Fig 2.13 or from simulation by using
commercial software such as Optigrating. It has to be noted that the phase matching

curve varies for the fibres with different Rl profile. As described in section 2.3.2, UV
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laser irradiation is used to introduce Rl modulation to a photosensitive optical fibre
by the absorption of the germanium-oxygen deficiency centre (GODC) to UV
radiation. The determination of grating profiles including grating period, grating
length, duty cycle, on the other hand, is decided by the specific methods that are

introduced below.
3.1.1 Point-by-point method

The point-by-point method is used when the amplitude mask failed to match the
desired grating period which is usually defined as the grating period at optimal
sensitivity. It was conducted by exploiting a size controllable metal slit in front of the
UV laser beam (illustrated in Fig 3.2) to control the area of illumination on the optical
fibre. After a certain exposure time (approximately 30s), the fibre was then moved
to the next position by the translation stage. During the exposure time, the region
that was under UV radiation obtains an increased Rl value change than that of the
surroundings due to the absorption of UV light. The distance between each
translation stage position equals the size of slit in order to fabricate an LPG sensor
with duty cycle of 50/50 (the gap is half of grating period length). For example, in
order to fabricate a grating period of 109 um, the slit size should be set to 54.5 um
and the moving step is 109 um. It has been demonstrated that the duty cycle of an
LPG determines the properties of loss bands and a duty cycle of 50/50 has the

strongest attenuation [213, 214].
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P —
CCD Spectrometer Moving

Fig 3.2 Point-by-point fabrication of LPGs. The top is the UV laser source. The specification

of the laser, lens and moving stage have been described above for Fig 3.1.
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The evolution of the attenuation bands of an LPG can be monitored during the
fabrication process by visualizing the transmission spectrum of the optical fibres. As
illustrated in Fig 3.2, a halogen light source (Ocean optics, HL-2000, UK) is exploited
to send light into the optical fibre and a CCD spectrometer (Ocean optics, USB2000,
UK) connected to the distal end of the optical fibre to detect the transmission

spectrum. This allows the real-time monitoring of LPG fabrication.

Fig 3.3 illustrates the transmission spectrum of an LPG at different timestamps after
starting point-by-point fabrication of a 3cm LPG with a period of 108.8 um. It shows
that the cladding mode LPg1s starts to appear at a wavelength of 684 nm after about
0.75 cm long grating, 2000s after starting the fabrication and then the attenuation
becomes stronger along with the coupling to the cladding mode LPois. The
attenuation band at LPois has two coupled bands centred at about 850 nm. This
observation matches the theoretical result based on the phase matching curve
reported by James, et al. [215]. The overall time for fabricating this 3 cm of LPG is

more than 2 hours.
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Fig 3.3 Transmission spectrum of different grating length after starting point-by-point

fabrication process: (a) 0.75 cm ; (b) 1.5 cm; (c) 2.25 cm; (d) 3cm.

The grating length is defined as the total length of the written region, which increases
as a function of time during the fabrication. Fig 3.4 illustrates the transmission value
and central wavelength of the LPo1is mode as a function of grating length. It is
observed that the transmission value of LPo1s decreases with increase of grating

length. This result is explained from the theoretical expression of [215]:
T, = 1 — sin?(k;L) (3.1)

Where T; is the transmission value of the it" attenuation band, L is the length of
grating and k; is the corresponding coupling coefficient. According to this equation,
a longer grating provides a lower transmission value, in the other words, a deeper
attenuation band. However, this isn’t always true considering the sine function is a
periodical wave and the transmission value is expected to bounce back and increase

after certain length of grating.

The central wavelength, on the other hand, shows a stable value (684.29+ 0.24 nm)
after evolving as the grating length increases. For the first 7 mm, the attenuation

band is too small to be tracked.
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Fig 3.4 Transmission value (a) and central wavelength (b) of LPo1s against the grating length.

LPGs with different grating periods around 109 um were fabricated by using point-
by-point method in order to investigate the attenuation band close to the PMTP
(illustrated in Fig 3.5a). It is clear that the phase matching condition of LPo19 appears
as one big attenuation band when the grating period is 109 um. A shorter grating
period (108.8 um) leads to a split of attenuation band at the PMTP (LPo19) and a
longer grating period (109.5 um) causes no attenuation band at a wavelength of
850nm. This phenomenon can be explained from Fig 3.5b where the phase matching
curve of LPo1g has one intersection point when the grating period was 109 um, two

intersections with grating period of 108.8 um and no intersection with 109.5 pum.

79| Page



Transmission

0.4 : ' ' ' '
650 700 750 800 850 900

Wavelength (nm)

950 1000

(a)

110

—
o
©
o

109f-—-—----—->=~g-------- -

108.8

Grating Period (pm)
o
co
5}

108 * -
450 700 950 1200

Wavelength (nm)

(b)

Fig 3.5 (a) Normalised transmission spectra of LPGs that were fabricated with grating periods
of 108.8, 109 and 109.5 um, respectively. (b) Schematic explanation of resonance band
behaviour at LPoi9 for different grating periods. The curve in the graph mimics the phase

matching curve of LPoio.
3.1.2 Amplitude mask method

The point-by-point fabrication method allows the flexible fabrication of an LPG with
the variable grating periods. However, this method takes a very long time (~2 hours)

to fabricate one single 3 cm long LPG for same laser power. An alternative method
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appliedin this thesis is an amplitude mask method in which the slit was replaced with
an amplitude mask (Fig 3.6) which has periodical slots. The amplitude mask itself
determines the grating period and duty cycle of an LPG. The mask is placed in
proximity in front of the optical fibre and facing the laser beam (illustrated in Fig 3.7).
It is mounted on the translation stage and moves in synchronisation with the optical
fibre. The UV laser beam passes through the mask and projects a periodic UV light
pattern on the optical fibre. The size of the light pattern is equal to the beam size (3
mm). During the fabrication, the translation stage moves at a constant speed (0.02
mm/s) so that the UV beam continuously projects a periodical UV pattern through
the amplitude mask onto the optical fibre. Apart from the start and end position of
the grating, every single point of the grating will have enough exposure time (150s)

that ensures a periodic increase in RI.

e — e

Fig 3.6 Amplitude mask. The mask was made of steel (1Cr18Ni9Ti) and produced by Suzhou
Sunshine Laser Technology Co, Ltd, China. The length of the grating region is 70 mm, and the

width is 3 mm.
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Fig 3.7 Amplitude mask method to fabricate an LPG sensor. The top is the UV laser source
and the fibre and amplitude mask was fixed in the same moving stage so that they move

together.
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Fig 3.8 The normalised transmission spectrum of LPGs fabricated by using the amplitude

mask method with grating period of 110, 110.5 and 112 um.

Fig 3.8 illustrates the normalised transmission spectrum of three LPGs at phase
matching condition. The corresponding grating period of the PMTP is larger than that
of the point-by-point method (112 um compared to 109 um). The difference is not
due to the fabrication method but the optical fibre. The two LPGs were fabricated
from two batches of optical fibre which may have different Rl profile resulting in
different phase matching condition of the fabricated LPG. The grating period of PMTP

remains the same for the same batch of optical fibre.

The amplitude mask method takes approximately 25 mins to write a typical 3 cm long
LPG at the laser power around 7 mW. It significantly reduces the time it takes
compared to the point-by-point method (2 hours). The grating quality (perhaps
defined by the depth of attenuation bands) is higher using amplitude masks
compared to the point-to-point. Its transmission loss of attenuation band is about

0.9 which is almost double that of the point-by-point method (~0.5).

Despite the advantage of the amplitude mask method over the point-by-point
method, it is not as flexible as the grating period is fixed and one amplitude mask can
only produce one period of LPG. Besides, it is also a technical challenge to

manufacture such an amplitude mask with small grating period variation (e.g. 0.1

pum).
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3.2 LPG simulation using Optigrating

The characteristics of cladding modes and the transmission spectrum of an LPG can
be simulated using Coupled Mode Theory [172, 216]. Coupled Mode Theory is a
method to analyse the light propagation in weakly coupled waveguides. It assumes
that the field of coupled structures is sufficiently represented by a linear
superposition of the modes of the uncoupled structure [217]. The basic idea of
Coupled Mode Theory is that the modes of uncoupled structures are defined and
solved first. Then a linear combination of these modes is used as a trial solution for
Maxwell’s equations for coupled structures. After that, the derived coupled mode

equations can be solved analytically or by numerical method.

There are two approaches to conduct the theory which are a two-layer method [218]
and a three-layer method [172, 216]. Both methods employ a weakly guided
approximation to find the effective Rl of the fundamental core mode. In the weakly
guided approximation, the normalised core-cladding Rl difference is considered very
low (<<1) or the RI difference between core and cladding is very small [172]. This
allows the simpler solution of the characteristic equation resulting in linearly
polarised (LP) modes because the waves constructed from these simplified solutions
propagate at small angles to the fibre axis and are essentially polarised in a single
direction. The main difference between these two approaches is the representation
of the fibre geometry, mode field profiles, intensity distributions and coupling
coefficients. The two-layer method considers a fibre cladding surrounded by a
homogeneous of ambient material, which ignores the core-cladding interface in
calculating the effective Rl of the cladding modes. However, the three-layer method
considers the core-cladding interface. It has been shown that the three-layer fibre
geometry is a more accurate method for theoretically simulating LPG but with a

greater mathematical complexity compared to the two-layer method [216].

The Coupled Mode equation helps to solve the component of the electric and
magnetic fields vector of a mode in the fibre core, fibre cladding and external media,
respectively. The transmission spectrum of an LPG sensor can be then obtained.

There are three common methods to calculate the transmission spectrum of the LPG,
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which are the integral method [219], formula method [220] and transfer matrix
method [221]. The integral method is capable of providing a multi-mode transition
spectrum in a wide range of wavelengths but requires complicated computation
process. The formula method is convenient for calculation but can only solve a single
mode transition spectrum in a narrow wavelength range. The transfer matrix method
is used to calculate the transmission spectrum of a non-uniform fibre grating and

offers high accuracy and fast speed [222].

Optigrating is a commercially available user-friendly software for modelling grating
assisted devices such as LPG and FBG. It helps to design and analyse a grating assisted
devices by calculating light propagation, reflection and transmission spectra based

on the input profile of the optical fibre and the profile of the grating.

Table 3.1 illustrates the parameters of optical fibre PS 750 that were used to simulate

the LPG transmission spectrum based on Optigrating (version 4.2.3).

Table 3.1 Datasheet of PS750

Fibre type PS 750
Rl of core 1.4584
Radius of core (um) 2.14
RI of cladding 1.4533
Radius of cladding (um) 62.6
External RI 1
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The use of the software can be summarised as the following flow chart:

1. Define fibre
geometrical
profile

2. Calculating 3. Define 4.0utput

the modes grating profile spectrum

The first step is to define the optical fibre profile; a three-layer cylinder structure was
built and followed by inputting parameters such as width, Rl and material dispersion
for each layer. The first two layers are the fibre core and cladding. The third layer is
the external environment, this can be air, water or another Rl medium. In this case,
air was defined as the third layer. The second step is then defining the propagation
modes and calculating the effective Rl of the cladding of each different cladding
modes. The third step is to define the fibre grating profile in which the shape, length
and Rl modulation can be defined. After that, the transmission spectrum of the

defined LPG can be achieved.

The transmission spectrum of an LPG with a grating period of 111.5 um is simulated
and illustrated in Fig 3.9. It shows the PMTP of the attenuation band with central
wavelength at 830 nm. An LPG sensor is fabricated with the same grating period by
using the amplitude mask method described in the previous section and its
transmission spectrum is plotted in Fig 3.9 for comparison. There is a wavelength
difference (~7 nm for PMTP) compared to the simulated result, which may be
attributed to the deviation of the modelling method to the real scenario or the
grating isn’t a true binary grating. As the PMTP is extremely sensitive to the grating
period, it is difficult to achieve the PMTP without knowing the exact period. The

simulation will benefit in finding the correct grating period of PMTP.
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Fig 3.9 Transmission spectra of LPGs with a grating period of 111.5 um, length of 3 cm that
are achieved by simulation and experiment; the simulation is done by using of Optigrating,

and the fabrication is completed by using the amplitude mask method.

The effect of the amplitude of the modulation index to the LPG’s transmission
spectrum is investigated by varying the value of the modulation index in Optigrating
and keeping the other parameters the same. The results are shown in Fig 3.10 where
the transmission value of the attenuation band decreases with increasing modulation
index and the wavelength of the attenuation band remains constant. This can be
explained in Eq 3.1 as the higher modulation index enhances the coupling

coefficiency and results in a lower transmission value and a deep attenuation band.
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Fig 3.10 (a) Simulated transmission spectrum of an LPG (grating period: 111.2 um) with
different Rl modulation. (b) Attenuation band position and transmission value of attenuation
band as a function of index modulation. The band with the central wavelength of 0.57 um

was selected.

When fabricating an LPG, the amplitude of Rl modulation is determined by the output
power of the UV laser, the power density of the UV light over the fibre region
(focusing of UV beam to optical fibre), the exposure time of each grating point and
the photosensitive dopants of the optical fibre. All the above factors contribute to

the transmission loss of an LPG.
3.3 LPG temperature measurement

An LPG that is fabricated using the amplitude mask method described in the previous
section with a grating period of 109 um was used to calibrate the temperature

sensitivity by using the set-up illustrated in Fig 3.11.
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Fig 3.11 Set-up for calibrating the LPG in a temperature regulated water bath (Grant Aqua
Plus, UK); The LPG with a grating period of 109 um was fixed by a Teflon holder with two
clamps and immersed in the water bath. A thermocouple type K, connected to a
thermocouple logger (TC-08, Pico Technology, UK) is placed close to the LPG to
simultaneously record temperature. A halogen light source (Ocean Optics, HL-2000, UK) and

CCD spectrometer (HR 2000+, Ocean Optics, UK) were used to characterise the LPG.

The transmission spectrum of the LPG in water (40 °C) is illustrated in Fig 3.12a in
which the cladding mode LPo1g is at the phase match condition with split dual
attenuation bands. The wavelength shift of the attenuation bands match well with
the temperature change as it is illustrated in Fig 3.12b. The wavelength of
attenuation band of LPo1s progressively decreases as the temperature progressively
increases from about 40 °C to 70 °C. The wavelength shift of the attenuation bands
is plotted against the temperature change in Fig 3.12c. It can be observed that the
wavelength shift of the left hand attenuation band of LPo1g, abbreviated as LPo1s-L,
has the same direction of wavelength shift as LPo1s but with larger magnitude. The
attenuation band of LPo1s-R, on the other hand, undergoes an opposite wavelength
shift with increase of temperature. Because the dual attenuation bands of LPo19 are
coupled from one mode, the two bands can be treated as one signal. Therefore, the
wavelength separation between LPo19-L and LPo19-R is considered as the response of
LPo1o to external perturbation. Fig 3.12d illustrates the separation of dual-bands at
LPo19 as a function of temperature. It shows that the attenuation bands of LPoig

linearly fit to the temperature change with a sensitivity of ~1 nm/°C.
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Fig 3.12 (a) Transmission spectrum of the LPG in water at a temperature of 40 °C. (b) The
wavelength of LPgi1g response to temperature. (c) Wavelength shift of attenuation bands
against the temperature change. (d) Separation of dual bands at LPoi1s as a function of

temperature. Error bar is less than the marker size.

In some applications, such as the measurement of RI, the temperature sensitivity of
an LPG is something that needs to be compensated for. A typical action is to place
the LPG in a thermostatic environment (such as an incubator) where the temperature
is stable during the measurement. This can remove the temperature effect but also

increases the marginal cost of the sensor set-up. The second way is to design
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temperature insensitive LPGs based on the above theory. This requires the special
composition of optical fibre so that the thermal expansion contribution of fibre glass

cancels out the thermooptic factors. The third method is by applying a reference LPG.

Fig 3.14 illustrates the transmission spectrum of an LPG array which contains two
LPGs that were fabricated sequentially by the amplitude mask method with different
grating periods (109 um and 110.5 um) in a single optical fibre (illustrated in Fig 3.13).
Let us consider the first LPG (109 um) as the target LPG (LPG1) and the latter (110.5
um) as reference LPG (Ref-LPG). The Ref-LPG was fabricated approximately 30 cm
away from the LPG1. The choosing of grating period of Ref-LPG is important as it
determines the position of attenuation bands. The overlapping of attenuation bands
of two LPGs may make it difficult to resolve two attenuation bands. In Fig 3.14, two
attenuation bands belong to one cladding mode (LPo1s) of two different LPGs. The
wavelength of attenuation band in LPG1 is shorter than the Ref-LPG due to the small
grating period. Both LPGs were tested to the temperature sensitivity by the means

of set-up in Fig 3.14.
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Fig 3.13 Schematic of an LPG array sensor.
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Fig 3.14 Transmission spectrum of an LPG array. The attenuation bands in the graph belong
to cladding mode LPg;s of the two LPGs. LPG1 and Ref-LPG are the LPG with grating period of

109 um and 110.5 um, respectively.

Fig 3.15 demonstrates that the wavelength of attenuation bands in Fig 3.14 linearly
fits to temperature. The attenuation band from the two LPGs shifts to a lower
wavelength with increase of temperature. The Ref-LPG exhibits a sensitivity of
0.196 nm/°C which is slightly higher than that of LPG1 (0.177 nm/°C) as it is closer to
the PMTP of the cladding mode. The sensitivity difference between two LPGs is
observed as ~0.02 nm/°C. Considering the resolution of the spectrometer (0.17 nm),
this difference can only be detected while the temperature changes above 9 °C. This
range covers almost all the general condition of the laboratory test and therefore,
the reference LPG method is possible to be used to eliminate the unwanted
temperature cross-sensitivity by subtracting the wavelength shift of the reference

LPG from the detection LPG.
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Fig 3.15 Temperature calibration of the LPG array sensor. Error bar is smaller than the

marker size.

For the temperature variation above 9 °C, a weight factor can be applied to either
LPG to eliminate the sensitivity difference. The weight factor is defined as the
sensitivity ratio of two LPGs, and in this case is 1.1086 (0.196/0.1768). The
wavelength shift of LPG1 will be weighted by multiplying the weight factor so that

the wavelength shift induced by temperature will be same as the reference LPG, and

92| Page



the subtracted result will be always close to zero if there are no additional
perturbations such as Rl change. It is shown in Fig 3.16 that the Ref-LPG undergoes a
bigger wavelength shift than LPG1 as the temperature increase, this difference gets
bigger as increasing the magnitude of temperature change. After applying the weight

factor, the difference is maintained as the temperature increases.
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Fig 3.16 Wavelength shift of the LPG array sensor against the temperature change.

As the Ref-LPG has a larger grating period than that of phase matching condition, the
subtracted result of the phase matching cladding mode LPo19 is not shown in this case.
The same way of referencing can be done by choosing a short grating period of a

reference LPG which has two separate bands at PMTP that are separated from the

detection LPG.
3.4 LPG strain measurement

Strain is defined as extension per unit length with:

e L
S_E_—Lo _E_l (3.2)

Where e is the extension length, L0 is the original length and L is the stretched

length.

The strain sensitivity of an LPG at the PMTP of LPo1s has been experimentally

determined by using the set-up in Fig 3.17. The optical fibre was stretched and fixed
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on a platform comprising of two groove fibre holders. One of the holders is mounted
on a translation stage (resolution: 0.01 mm) (Micro Control, France) which allows the
adjustment of the distance between two stages. Two points of fibre on either side of
the LPG were glued on the two V-grooves of the platform. The two points of fibre
were stripped to remove the plastic jacket prior to the fixing on the V-groove. This
guarantees the tight fixing of silica fibre on stages rather than the plastic jacket and
avoids the potentially inaccurate measurement induced by the internal movement
of silica fibre inside of jacket under the application of strain. The initial distance
between two points was measured as 30.2 cm. The translation stage was controlled
by the graduated rolling screw and gradually increased the separation distance of
two glued points step by step (each step was set to 0.1 mm). The transmission signal

of LPGs was recorded simultaneously with a frequency of 1 Hz.

- LPGS o
| I :
e | gl
Halogen light Translation stage ccb
source Spectrometer

Fig 3.17 Set-up of strain measurement of LPGs. Blue is the v-groove stand that is fixed on the
platform. Orange is the v-groove stand that is mounted on a translation stage for modulating

the strain applied on the LPG.

The axial strain applied on the optical fibre by the increased distance of two glued
points are converted from Eq 3.2. The transmission spectra of the LPG at LPo19 under
different axial strain are illustrated in Fig 3.18. With increasing strain from O to
0.0165 €, the dual attenuation bands of LPo19 move towards each other, and the
transmission value at 850 nm decreases. The dynamic change of the separation of
dual bands and the transmission value are displayed in Fig 3.19a. Both separation of
dual bands and transmission of 850 nm exhibit linear correlation to applied axial
strain with a sensitivity of -2246.5 nm/€ for wavelength shift and -17.284 /€ for

transmission change (Fig 3.19b).
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Fig 3.18 Transmission spectra of LPGs at LPo15 under different applied axial strain.

Transmission (a.u.)

1 70
09l 160
- 50 ——
0.8} {1 E
40 o
0.7} 1 n_o
. 30 -
L 0.0165
0.6 150
—850 nm
I—Separation of dual bands
0.5 ) 1 ) L L L 10
0 2 4 6 8 10 12 14
Time (mins)
(a)

95| Page



1 80

. ® y =-2246.5x + 68.307
509 T..0- ® R2=0.9912 60
o e.. @ =
08 | Tt ® g
g . ......... @ 40 —
2 0.7 @ ® 3
= y =-17.284x + 0.8958 e >
S 0.6 R? = 0.9817 @ | 20~
=

0.5 @ Transmission at 850 nm @LP0O19 0

0O 0.003 0.006 0.009 0.012 0.015 0.018

Strain (&)

(b)

Fig 3.19 (a) The separation of dual bands at LP19 and transmission at 850 nm versus time
while applying different axial strains. (b) Linear fitting of transmission and wavelength as a

function of axial strain. Error bars are smaller than the sizes of markers.
3.5 LPGs Rl measurement

The RI sensitivity of the LPG was measured by immersing the LPG into prepared R

medium by using the set-up illustrated in Fig 3.20.

l—
L

Computer

Halogen light source

_} CCD Spectrometer
’M "
\J

Optical fibre with gratings inside
of Teflon fibre bath

Fig 3.20 Set-up for Rl measurement of the LPG. An LPG was placed inside a Teflon fibre bath,
light was sent from a halogen light source and captured by a CCD spectrometer. The
experiment was conducted in a temperature regulated laboratory with the temperature
around 22 °C and the LPG was stretched in taut with two ends fixed to avoid the strain

change during measurement.
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The RI liquid media were prepared by mixing distilled water with isopropyl alcohol
(IPA) with different volume ratio. The value in each concentration was measured by
using a digital refractometer (Reichert 13940000). Its correlation to the volume
percentage of IPA is illustrated in Fig 3.21, which exhibits a polynomial regression to
volume percentage of IPA from the minimum value of 1.3328 (RI of water) to the

maximum value of 1.3761 (Rl of IPA).

The spectral response of the LPG for different RI medium is illustrated in Fig 3.22a,
where the left-hand attenuation bands of LPo19 shifts to a shorter wavelength with
increasing Rl and the right-hand attenuation band, on the other hand, shifts to a
longer wavelength. The wavelength separation of the dual bands increases with
increasing of Rl and it linearly fits the Rl with a sensitivity of 407 nm/RIU (Fig 3.22b).
The sensitivity is higher than that of the typical LPG which is about 50 nm/RIU with
the attenuation band at 1563 nm [223]. The higher sensitivity is attributed to the

higher cladding mode of PMTP of the lower wavelength.
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Fig 3.21 The correlation of Rl value to volume percentage of IPA to water.
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Fig 3.22 (a) Transmission spectrum of LPGs at LPo1s for different RI medium. (b) Linear

fitting of separation of dual bands at LPo1s to RI.
3.6 Preparation of reflection LPGs

A reflection mode LPG can be prepared by changing the configuration of the LPG
from the middle of the fibre into a tip probe. It provides advantages such as compact
size and the ability to use as a single-ended probe. The reflection mode LPG is usually

done by coating one end of the fibre containing the LPG with a metal mirror such as
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gold. The coating of metal on the optical fibre tip can be accomplished by using a
sputter coater [224] or by using a chemical method [225]. The sputtering method has
better thickness control than the chemical formation but requires expensive devices

and bulky set-up to create a vacuum environment.
3.6.1 The formation of silver mirrors via chemical reaction

A silver mirror can be formed by mixing Tollens’ reagent with an aldehyde [226]. The
Tollens’ reagent reacts with an aldehyde to produce element silver and forms a
characteristic ‘silver mirror’ on the inner surface of the reaction vessel. The

preparation of Tollens’ reagent can be summarised as following two-step:

Step 1: Silver nitrate (AgNOs) is precipitated and converted into silver oxide (Ag.0)
from solution in the presence of OH" ions. In this step, a clear silver nitrate solution

will appear with brown solid precipitation. The reaction can be explained as:
2AgNO; + 20H™ - Ag,0 + 2NO3 + H,0 (3.3)
Step 2: Aqueous ammonia is added to dissolve the brown precipitation. The
solution in this case returns to clear. Reaction in this step is:
Ag,0 + 4NH; + 2NO3 + H,0 - 2[Ag(NH3),]NO5; + 20H™ (3.4)

The Tollens’ reagents will oxidise the aldehyde (RCHO) to a carboxylate ion (COOH")
and itself is reduced to a silver element. The elemental silver precipitates out of

solution and assembles on the surface forming a mirror.
[Ag(NH3),]~ + RCHO + H,0 » 2Ag(s) + 4NH; + RCOOH + 2H*  (3.5)

3.6.2 The fabrication of reflection LPGs

A 1.5 cm length LPG with a grating period of 110 um was fabricated by using the
amplitude mask method described in the previous section. During fabrication, the
fibre was stripped of its jacket for 1.5 cm so that the edge of the LPG is located exactly
on the end of the stripped region and can be easily identified. One end of LPGs was
spliced with a single mode optical fibre coupler (working wavelength: 850 + 100 nm,

Throlabs, UK) and the second end is cleaved so that only 1.5 cm of the LPG remains.
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A mirror coating solution was prepared by adding 640 uL of 0.1 M AgNOs into a 1.5
mL vial, followed by 440 uL of 0.8M KOH and 50 pL of 28 % NH4OH; then 64 pL of
0.25M dextrose into the prepared solution was added and mixed. The tip of the LPG
with 90 degree cleaved end is then immersed into the mixed solution with the length
of ~0.1 cm (this process can be controlled by monitoring the intensity value reflected
from the fibre tip, a significant drop of intensity will be observed as the fibre tip
enters the liquid interface). As illustrated in Fig 3.23a, the intensity of light (750 nm
was selected) that is reflected from the tip decreases when the tip was immersed
into the liquid solution because of the lower reflectivity from fibre liquid interface
induced by the low RI difference. With the reduction reaction occurring in the liquid
solution, the silver particles start to form and attach on the fibre tip. As a result, the
intensity value significantly increases with time until it is saturated. Then the mirror
is formed, and the fibre can be taken out from the liquid. The coating process takes
less than 20 mins, and there is no intensity change after removing the fibre tip from
liquid to air as the light from the tip reflected by the silver mirror does not interfere
with the external environment. The reflection spectrum of the LPG shows a
significant increase in intensity value compared with that before coating (Fig 3.23b).
The mirror on optical fibre can be visually identified. An SEM image of an optical fibre
that is partially coated with silver mirror confirms the formation silver mirror as

illustrated in Fig 3.24.
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Fig 3.23 (a) The intensity at the wavelength of 750 nm changes with time during the mirror
coating. (b) Reflection spectrum before and after application of silver mirror. The integration

time for both spectra is the same (200 ms).
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Fig 3.24 SEM image of an opitcal fibre that was partially coated with silver mirror. The image
was taken by using the SEM intrument (JEOL 7100F, UK). Scale bar=100 um.

Another advantage of a reflection LPG is that it enhances the loss of attenuation

bands and can potentially reduce the length of gratings which is typically 3 cm for
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transmission LPGs. The propagation light passing through the LPG twice in a
reflection LPG can halve the length used. As illustrated in Fig 3.25, the loss of
attenuation bands is approximately 0.3 (30 %) when measured in transmission mode.
After coating with silver mirror and taking a measurement in reflection mode, the
loss of attenuation bands becomes 0.55 (55 %) and almost doubling of the loss in

transmission mode.
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Fig 3.25 Spectrum comparison of a 1.5 cm LPG with the grating period of 110 um in

transmission and reflection mode (mirror applied).

3.7 Conclusion

The fabrication process of an LPG by using UV irradiation was introduced with two
methods which are point-by-point and amplitude masks, respectively. The amplitude
mask obtains a significantly shorter fabrication time and a better quality of
attenuation bands compared with the point-by-point. However, the latter has better
flexibility in fabricating of a variety of grating period as one amplitude mask can only
produce a fixed grating period. The amplitude mask method is preferred if the grating

period is known.

The transmission spectrum of an LPG was simulated by using OptiGrating software.
The simulated spectrum shows a comparable result to that of experimental data,

indicating the usefulness of such a tool in predicting the transmission spectrum of
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LPG at PMTP. The factors such as the grating period, grating length and Rl
modulation in determining the property of attenuation bands of an LPG were
investigated theoretically and experimentally. Longer grating length, higher RI
modulation will render a higher attenuation of the LPG rejection bands. The
fabricated LPG at phase matching condition of cladding mode LPo19 was achieved at
the grating period around 109 um (112 um for the different fibre batch). It exhibits a
sensitivity of ~1 nm/°C for temperature, -2.2 X 103 nm/u€ for microstrain and
407 nm/RIU for RI respectively. A reflection mode LPG is proposed by depositing a
silver mirror on one end of an LPG that has more compact size than conventional

LPGs and is able to use as a fibre probe.
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Chapter 4  Synthesis of nanoparticles for LPG

biosensor development

4.1 Introduction

Nanotechnology has become very popular in the field of bioanalysis. A variety of
nanomaterials, especially nanoparticles have been found in many applications in
variable analytical methods of bioanalysis [227]. Nanoparticles (NPs), thanks to the
small size (usually ranging from few to a hundred of nanometres), show unique
physical, chemical and electronic properties that are different from those of bulk
materials and can be used to configure and improve sensing devices, for example
electrochemical and optical measurements in biosensing [228]. In optical sensing,
they can overcome many of the significant chemical and spectral limitations of
molecular fluorophores and can be used as quantitation tags in biological assays that
eliminate the need for either organic fluorophores or radioactive labelling [227, 229].
They can also act as signal transducers and show promise in diagnostic assays, which
reduces the need of tag labelling making diagnostic tests potentially more robust and
less expensive [230]. Moreover, they can also be used as substrates for multiplexed
biological assays in solution which provide greater flexibility, more rapid assay times

and greater reproducibility than microarray-based methods [231].

Nanoparticles, depending on the chemical constitution, can have different types such
as polymer NPs, metallic NPs and metal oxide NPs. Particles made of a composite
have been presented for bioanalysis, which reveals distinct properties compared to
that of a single composition. For example, Hirsch et al. have used gold nanoshells
which are spherical nanoparticles made up of a dielectric core (silica) and surrounded
by a thin gold shell to detect immunoglobulins in whole blood [232]. Such particles
possess a tunable plasmon resonant response that gives rise to intense optical
absorption and scattering [233]. The plasmon resonance frequency can be varied
systematically from the visible to the mid-infrared regions of the spectrum by
modifying the relative dimensions of the core and the shell layers [234]. They can

also have various shapes such as nanotube, nanosphere and nanorods.
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Among those NPs, metallic nanoparticles especially AuNPs due to their distinct
optical and electrical properties have been widely used in bioanalysis application
using gold-based aggregation assay [232, 235, 236] and for construction of
biosensors [237, 238]. They are good candidates for developing optically based
biosensors because of their strong interaction with visible light. During the
interaction, the free electrons in gold atoms are excited leading to a state of
collective oscillations called surface plasmon resonance (SPR) that provides gold with
the ability to absorb and scatter visible light depending on its size, shape and
agglomeration state [239, 240]. Moreover, biological molecules such as antibodies
are readily conjugated to the gold surface via either chemical or physical interaction
[241]. AuNPs are chemically inert and considered as a biocompatible device for

biomedical applications [242, 243].

SiNPs show promise in biomedical application owing to their excellent
biocompatibility, low toxicity, and thermal stability, easy and large-scale synthetic
availability [244]. Their particle size, shape and porosity can be precisely manipulated
that enables various applications. For example, the most appropriate size can be
chosen depending on the wavelength of light to enhance Mie scattering in detecting
fluorescent signals [245]; the spherical shape has a large surface to volume ratio, and
the surface can be further modified or functionalised for biomedical application such
as in drug delivery and detection of antibodies [246-248]. They can be incorporated

into the coating film of an LPG and significantly raise its Rl sensitivity [249].

In this chapter, the method of synthesis of SiNPs and AuNPs is introduced and
presented. The samples that are prepared and characterised in this chapter are used

in Chapter 6 for the fabrication of LPG based biosensors.
4.1 Synthesis of SiNPs

SiNPs can be synthesised by using the Stober method [209] based on the fact that
they can be produced by the chemical reaction of sol-gel (as described in Chapter 2).
Their formation can be divided into two stages: nucleation and growth. The
nucleation process describes the stochastic and dynamic association of the

hydrolysed silicon alkoxide molecule forming initial nuclei. There are two models to
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explain the growth stage, which are monomer addition [250] and controlled
aggregation [251]. The monomer addition model describes that the particles start to
grow after adding the additional hydrolysed monomers to the burst of nucleation.
Whereas the aggregation model elaborates that nucleation occurs continuously
during the reaction and the resulting nuclei will aggregate together to form dimer,
trimer and large particles. Both models lead to the formation of either a spherical or

gel network depending on the reaction condition.

The size of SiNPs is determined by the rate of polycondensation reaction which is
adjustable through manipulation of reaction parameters such as the concentration
of silicon alkoxide, the amount of base catalyst and the concentration ratio of water
to silicon alkoxide [251, 252]. Efforts were conducted in the experiment for the
synthesis of SiNPs with different size by manipulating the concentration ratio of
tetraethyl orthosilicate (TEOS). The experiment details and result are demonstrated

below.

4.1.1 Materials and Methods

4.1.1.1 Materials

Tetraethyl Orthosilicate (TEOS), Ethanol, ammonia hydroxide (NH4sOH) (28 %) were

purchased from Sigma-Aldrich, UK.
4.1.1.2 Synthesis of SiNPs

Different volumes of TEOS (10, 20, 40, 80 uL) were first added into four glass vials
(volume of 10 mL). Adding 7 mL of ethanol to each vial, then later adding 3 mL of
NH4OH in each vial. The vials were then capped and placed into an ultrasonic bath (U
50, Ultrawave Limited, UK) for sonication of 15 mins. The prepared solutions are
named as sample 1 to 4 based on the addition of TEOS. (Samples 1 to 4 are with TEOS
of 80, 40, 20 and 10 pL, respectively) (lllustrated in Fig 4.1).
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Fig 4.1 The prepared SiNPs sample solution.

The obtained solutions were then placed into a centrifugal machine (Rotofix 32A,
Hettich, UK) with a rotation speed of 40 000 rotation per min (RPM) for 30 mins. After
centrifugation, the liquid was carefully poured out and the remaining precipitate
(pellet) was placed into an oven (50 °C) overnight to dry. The dried SiNPs powders

were stored in ambient conditions before use.
4.1.1.3 Characteristics of synthesised nanoparticles

Dynamic light scattering (DLS) is an analytical technique to measure size and size
distribution of particles with diameters ranging from a few nanometers to a few of
micrometres. The measurement is based on the random changes in the intensity of
scattered light from a sample suspension [253]. Particles in suspension undergo
random thermal motion, known as Brownian motion. The Brownian motion can be

modelled by the Stokes-Einstein equation [254]:

kgT

= 3D, (4.1)

h

Where Dy is the hydrodynamic diameter, Kg is Boltzmann’s constant; T is temperature,

7 is dynamic viscosity and Dy is the translational diffusion coefficient.

According to the above equation, the hydrodynamic diameter (correlated to particle
size) is a function of the translational diffusion coefficient as other environmental

parameters are known. DLS measures light intensity fluctuation and applies an
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autocorrelation function to calculate the translational diffusion coefficient and

produce the hydrodynamic diameter based on the Stokes-Einstein equation [255].

Modern commercial DLS instruments are relatively low cost, easy to operate and
directly output data from measurement without the needs for further mathematical
processing. DLS outputs Z-Average size of the testing sample that is the intensity-
weighted mean diameter derived from the cumulants analysis. The Z-Average Mean
is recognised as the best value to report when used in a quality control setting as
defined in 1SO13321 [256]. The polydispersity index (PDI) is a width parameter
measured from DLS, is calculated as the square of the standard deviation divided by
the square of the mean size. Higher PDI (> 0.7) indicates that the sample has a very

broad size distribution and is probably not suitable for the DLS analysis [257].

Four harvested SiNPs samples were dispersed into distilled water to prepare
solutions of particles with concentration of 0.5 wt%. The samples were sonicated for
three minutes before the measurement. A disposable cuvette containing 1mL of the
sonicated suspension was mounted into Malvern Zetasizer Nano-ZS (Malvern

Instruments, UK) for measuring the size distribution of SiNPs RI.

Morphological examination of SiNPs was conducted using scanning electron
microscopy (SEM) (JEOL 7100F, UK). A drop of prepared SiNPs solution was spread
evenly on a piece of glass substrate. After drying in air, the substrates were coated
with ~ 6 nm of iridium for increasing the conductivity of electrostatic discharge using

a sputter coater (Q150V, Quorum, UK) before SEM.
4.1.2 Result and discussion

Table 4.1 illustrates the four samples prepared by varying the amount of TEOS in
reactants and their Z-Average size measured by DLS. The average particle size
decreases from about 300 nm to 220 nm with decreasing amount of TEOS. The size
distribution for sample 1 to 4 is illustrated in Fig 4.2. The mode diameter value of
each curve reduces in size as the amount of TEOS decreases. The four samples all
have a very small value of PDI (< 0.1) indicating the samples qualify for DLS analysis

and have narrow size distribution.
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Table 4.1 Samples that are made with different volume of TEOS and their Z-average size
measured by DLS. The value displayed in Z-Average size is taken as the average value of the

Z-Average size of three times measurement.

Sample NH4OH Z-Average
TEOS Ethanol PDI
number (28 %) Size
1 80 uL 7 mL 3mL 308+ 10 nm 0.025
2 40 pL 7 mL 3mL 262+6 nm 0.004
3 20 pL 7 mL 3mL 246+ 1 nm 0.09
4 10 pL 7 mL 3mL 218+ 3 nm 0.037
30
Sample 1 Sample 2 Sample3 Sample 4
25
Modal diameter :
L 20 Samplel: 295 nm
~ Sample2: 255 nm
=15 | Sample3: 255 nm
S Sample4: 220 nm
£ 10
5
0 lececsoosssscsscsersrsssecssrssrsslded— oo
1 10 . 100 1000
Size (D, nm)

Fig 4.2 Size distribution of samples that are measured from DLS.

Fig 4.3 illustrates the SEM image of SiNPs of sample 1 and 4. The image confirms the
synthesised particles have a uniform spherical shape. The size can also be measured
based on the image (illustrated in Fig 4.3c) by using image-processing software
(ImageJ). The total number of 100 nanoparticles were measured in diameter
individually, and the size distribution curve is achieved by fitting the histogram of

particle size with a normal distribution shown in Fig 4.4. Descriptive statistics were
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performed for analysing the data, and an average value of 289.4 + 31.2 (mean+
standard deviation (SD)) and a median value of 290.8 nm are obtained. The mean
value measured is close to the Z-average size of DLS measurement (308 + 10 nm) that
confirms the comparable result of DLS measurement to SEM measurement. In above
statistical analysis, only the sample 1 was used to calculate the mean size from the

SEM images for demonstrating the variation of two measurement methods.
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(c)

Fig 4.3 SEM image of SiNPs which is synthesised by using method above (a) sample 1, scale
bar= 1 um; (b) Sample 4, scale bar=1 um; (c) The measurement of the diameter of SiNPs

(sample 1), scale bar= 100 nm.
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Fig 4.4 Size frequency distribution of SiNPs based on the measurement of SEM image. The

total number of 100 nanoparticles were counted from sample 1.

111 | Page



4.2 Synthesis of AUNPs

AuNPs can be prepared with various materials using a relatively simple method.
Generally speaking, there are two kinds of approaches that were used to prepare
AuNPs: breaking bulk material into nanoparticles via physical methods such as laser
ablation [258] and building up nanoparticles from atomic level via chemical methods
[259]. Chemical methods are considered as a simple way to prepare such particles
due to a simplified synthesis process and do not require bulky, expensive instrument
to trigger the reaction. There are various chemical methods in the preparation by
reducing chloroauric acid (HAuCls) to spheroidal AuNPs [260-262]. The Turkevich
method [263] is the most applied chemical procedure in which sodium citrate was
used as a reducing agent to reduce [AuCl4] into gold. The chemical reaction is

illustrated as:

— 100 C
2[AuCl,]” + Ctr®™ + 2H,0 — 2 Au+ 3CH,0 + 3C0, + 8Cl~ + 3H* (4.2)

The Au®* will be reduced into Au® by the citrate ion (Ctr® or (CeHsO7)*) at the boiling
temperature of water. The reduced Au® atom will undergo nucleation process and
grow into nanoparticles as illustrated in Fig 4.5. The abundant citrate anions in
solution are then absorbed on the surface of AuNPs, providing an overall negative
charge. The negative charge surface produces a repulsive force between each

nanoparticle to prevent the aggregation.

. Ctr oo o® & & growth ..
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Fig 4.5 Schematic of the growth of AuNPs.

The size and geometry of AuNPs are determined by factors such as the concentration
of HAuCl4, reducing agent, reaction temperature and pH [262, 264]. In general, the
greater the power and concentration of the reducing agent, the smaller the resultant
particles will be. The Turkevich method is normally used to prepare a relatively large

size in a range of about 9 nm to 120 nm depending on the concentration of citrate
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[265]. A smaller size (<5 nm) can be prepared by using the method proposed by
Bonnard et al. [266], in which sodium borohydride (NaBH4) is used as a reducing
agent and capping agent for stabilizing the AuNPs colloid at very low temperature

(~0 °C). The chemical process is illustrated as:

C
[AuCl,]~ + [BH,]" — Au+ B(OH); + Cl~ + H* (4.3)

Both methods are utilised to prepare AuNPs in the following content, but only the
sample that prepared via the Bonnard method is used later in Chapter for the
preparation of the LPG biosensor as it produces smaller size of particles that easily
diffuse into the inner layer of the multi-layer of PAH/SiNPs film forming shell
structure. Besides, the small size of particles also reduces the space constraint of the

porous structure.

4.2.1 Materials and method

4.2.1.1 Material

Chloroauric acid (HAuCls), Sodium citrate dihydrate (Na3CsHsO7), Sodium
borohydride (NaBH4), Potassium carbonate (K2COs) were purchased from Sigma-

Aldrich, UK.

4.2.1.2 Synthesis of AUNPs

Turkevich method (Prepare AuNPs: 14~25 nm):

1 mM of the HAuCls solution and 38.8 mM of Na3CsHsO7 stock were prepared
separately in advance by dissolving the powder into distilled water. 20 mL of the
prepared HAuCls solution was poured into a clean glass beaker (50 mL) and heated
to boil on a stir/hot plate while stirring with a magnetic stir bar. Then rapidly pouring
the sodium citrate solution (volume: 0.1-5 mL) into boiled HAuCl4 solution, continue
to boil and stir until the colour of liquid turns into deep red (about 5-10 mins) and
then move the solution to ambient temperature for cooling. The prepared solution

was then stored in the fridge (~4 °C) for use.

Bonnard method (Prepare AuNPs <5 nm):
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1 mM of HAuCl, solution, 0.2M K,CO3 and 13 mM NaBH, were prepared by dissolving
the powder in distilled water. A clean glass beaker (200 mL) filled with 100 mL of
distilled water was placed into an ice bath that is seated on a stir plate while stirring
with magnetic stir bar (set-up is illustrated in Fig 4.6). Then 375 puL of the prepared
HAuCls solution was added to 100 mL of distilled water and subsequently 500 pL of
K2COs was added, mixing well for 2 mins. 1 mL of the NaBH, solution is quickly added
into solution mixture for 5 times (avoiding large aggregation) while waiting for a few
seconds before each addition. After that, wait for 5 mins before removing the
solution back to ambient condition. The solution is then stored in ambient conditions

for use.

Fig 4.6 The experimental set-up for preparing AuNPs in an ice water bath (Bonnard

method).
4.2.1.3 Characteristic of AUNPs

Transmission electron microscopy (TEM, JEOL 2100F, UK)) was used to image the
prepared AuNPs sample. The statistics on the size of AUNPs were obtained from the
TEM image. At least 100 spherical AuUNPs were counted for each sample to achieve
the size distribution curve and to calculate the average size. DLS analysis was also
applied for measuring the size distribution. The prepared AuNPs solution was diluted
about 20 times before the DLS analysis. The optical absorption spectra of the samples

were measured using the set-up illustrated in Fig 4.7.
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Fig 4.7 Set-up of absorption spectrometry. The orange line represents optical fibre. AuUNPs
solution was added into the cuvette that is mounted on the cuvette holder. The light emitted
from the halogen light source passes through the sample and is detected by a CCD
spectrometer (USB2000, Ocean Optics, UK).

4.2.2 Result and discussion

The colour of the AuNPs solution is size dependent. The prepared AuNPs colloid
solution appears as red as illustrated in Fig 4.8 indicating the size of AuNPs is less

than 100 nm [267].
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Fig 4.8 Gold nanoparticle colloid prepared by using the Turkevich method.

The table 4.2 lists different protocols of AuNPs preparation by using the Turkevich
method and their average size that are calculated based on the measurement of TEM
images (Fig 4.9a). All six samples from sample No.3 to 8 are observed to have a

spherical shape based on TEM measurements. It appears that when the molar ratio
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of sodium citrate to HAuClsincreases from about 1 to 10, the average size decreases.
The size no longer decreases after the ratio >~2, and the average size is about 14 nm.
The phenomenon is due to the limitation induced by reaction kinetics of the
Turkevich method [38]. The average size of ~20 nm is achieved when the molar ratio
is about 1. As the value reduces to ~0.4 nm (sample 2), the shape of AuNPs become
arbitrary, and large particles are formed (Fig 4.10). The agglomeration of AuNPs
causes the formation of large particles due to the insufficient stabiliser (sodium
citrate) in the solution. It becomes more severe as the value further decreases to
about 0.2 (sample 1), large particle clusters are found (Fig 4.11). In those cases, due

to arbitrary size and shape, the quality of the samples is considered poor.

Table 4.2 AuNPs prepared by using the Turkevich method and their average size

Nasct | Molar Ratio | Shape Mean
Sample | HAuCl, Sample
38.8 | (Nasct :HAu of size £SD
No. 1mM Quality
mM Cla) Particles (nm)
1 20 mL 0.1 mL 0.194 N/A Massive N/A
Aggregate
d
2 10mL {0.1mL 0.389 N/A Aggregate | N/A
d
3 20mL {0.5mL 0.97 Spherical | Qualified 23.64
12.65
4 20 mL 1 mL 1.94 Spherical | Qualified 15.28
14.72
5 20 mL 2 mL 3.88 Spherical | Qualified 16.24
1+3.20
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20 mL 3 mL 5.82 Spherical | Qualified 14.68
+3.23
20 mL 4 mL 7.76 Spherical | Qualified 14.03
1+2.24
20 mL 5 mL 9.7 Spherical | Qualified 14.91
+3.10
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Fig 4.9 (a) TEM image of AuNPs from the prepared sample 7, spherical AuNPs with size
around 14 can be observed. (b) Size distribution of AuNPs from sample 7. The histogram is
achieved by counting about 100 individual AuNPs from the TEM image. The red curve is the
normal distribution of the histogram. The mean value and the SD are calculated as 14.03 +

2.24 nm.

F: AuNP 8,200000.0V,12000X,73322

Fig 4.10 TEM image of AuNPs (sample 2). Non-uniform size and shape are observed.
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Fig 4.11 TEM image of AuNPs (Samplel). Clustered particles present.

Due to surface plasmon effects, AUNPs can cause absorption of a specific wavelength
of light depending on particle size. The absorption wavelength shifts to a longer
wavelength as the particle size increases [268]. The absorption spectra of the
samples areillustrated in Fig 4.12. When the molar ratio of NasCt to HAuCl, is 0.194,
due to the massive agglomeration of the sample, no clear absorption peak can be
observed. For the molar ratio of 0.389, the absorption spectrum shows absorption
peaks at 546 nm and around 700 to 800 nm. The broad absorption band at the higher
wavelength (> 700 nm) can be attributed to the agglomeration induced by the large
size of AuNPs. The rest of the samples prepared with molar ratio from 0.97 to 9.7
exhibit a narrow absorption peak around 520 nm due to small and uniform size

distribution.
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Fig 4.12 Absorption spectrum of each prepared SiNPs sample; absorbance value is calculated
as Absorbance=2-logio(lo/l1 x 100 %), where lo is the intensity value detected at the
spectrometer after AuNPs colloid solution was added into a cuvette and |, is the intensity

while distilled water was added into the cuvette.

Due to the limitation of the Turkevich method in preparing small size AuNPs
(diameter < 5nm), a reducing agent of sodium borohydride was used in this case.
Addition of K,COs into the mixture of solution provides an alkaline pH environment
for the particle growth that affects the size distribution [264]. The particles were
expected to have spherical shape and diameter in the range 2-5nm based on [269].
The size distribution that is achieved by the DLS analysis is then illustrated in Fig 4.13.
The average size is measured as 3.4 £ 1.08 nm and the result matches the expectation.
The TEM image of the particles is presented in Fig 4.14, in which AuNPs are illustrated

between two pointing arrows and the size is around 3nm.
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Fig 4.13 DLS size distribution of AuNPs that is prepared by using the Bonnard method.

Fig 4.14 TEM image of AuNPs prepared by using the Bonnard method. Single particles are

pointed out between two arrows.

4.3 Conclusion

Synthesis of SiNPs and AuNPs via chemical reaction are introduced in this chapter.
SiNPs with the size of 200 to 300 nm are prepared based on the STOBER method. The
particles exhibit a uniform spherical shape, and their average size depends on the

volume ratio of TEOS. The lower ratio leads to the smaller average size.

AuNPs are prepared using two methods based on two different reducing agents. The
Turkevich method that uses sodium citrate as a reducing agent at boiling condition

exhibits limitation in producing the small size of AUNPs (minimum size was achieved
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as 14 nm). The average size is determined by the molar ratio of Nasct/HAuCls, and a
lower ratio provides a larger size. When the ratio is less than 0.98, the arbitrary shape

and agglomerated particles are observed due to the insufficient capping agent.

A smaller size of AuNPs (~3 nm) is made by means of the Bonnard method while using
sodium borohydride at a lower temperature ( ~0 °C) as a reducing agent. The
prepared SiNPs (300 nm) and AuNPs (3 nm) will be used to form a silica core and gold

shell structure on the optical fibre in Chapter 6 to configure the LPG based biosensors.
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Chapter 5 Sensing film preparation for the

fabrication of FOS

5.1 Introduction

This chapter introduces all the materials that were used in preparation of FOS, the
sensing film preparation protocol and the coating process of the sensing film to the
optical fibre for fabricating functional FOS to measure specific analytes of interest. It
includes (i) the functionalisation of an LPG based biosensor that measures proteins,
i.e., streptavidin and human IgM, (ii) the fabrication of a fibre tip based CO; sensor,
a Fabry—Pérot interferometer (FPI) sensor for the simultaneous measurement of CO;
and RH, (iii) an integrated fibre sensor incorporated with two sensing films for
measuring of COz and NH3 simultaneously, (iv) and an LPG sensor incorporated with
Molecularly imprinted polymer (MIP) nanoparticles for the measuring of carboxyl-

fentanyl.

5.2 Materials

Poly(allylamine hydrochloride) (Mw~58,000, PAH), (+)-Biotin N-hydroxysuccinimide
ester (Mw: 341.38 g mol™?), Streptavidin from Streptomyces avidinii (Mw: 60 kDa),
11-Mercaptoundecanoic acid (112-MUA), 3-Dimethylaminopropyl-N-
ethylcarbodiimide hydrochloride(EDC), N-hydroxysuccinimide (NHS) and 3-
aminopropyltriethoxysilane (APTES), Cysteamine hydrochloride, Dimethyl sulfoxide,
2-(N-Morpholino)ethanesulfonic acid hydrate (MES hydrate), Sodium hydroxide,
Potassium hydroxide, Sodium chloride, Tris hydrochloride, Potassium chloride,
Sodium phosphate dibasic, Potassium phosphate monobasic, Sodium azide,
Tetraethyl Orthosilicate (TEOS), Triethoxymethylsilane (MTEQS), Thymol blue,
Ethanol and Tetramethylammonium hydroxide (TMAH) solution in water (10 wt%),
Ethyl cellulose (EC) (48 % ethoxyl), Tributyl phosphate, Hydrogen chloride (HCI)
solution, Sodium carbonate anhydrous, Sodium bicarbonate, Anti-Human IgM (u-
chain specific), IgM from human serum, Bovine Serum Albumin (BSA), Human serum

(from male AB clotted whole blood) were purchased from Sigma-Aldrich, UK.
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SiNPs (2.8 wt% in water, Diameter: ~300 nm) and the aqueous AuNPs (diameter 2-

6nm) were prepared as described in Chapter 4.

SiNPs (Snowtex-ZL, 20 wt%, Diameter: 70-100nm), Tetrakis-(-4-sulfophenyl)

porphine (TSPP) was purchased from Nissan Chemical, Japan.

Carbon dioxide (5 % in argon mixture) was purchased from Ryvalgas, UK. Nitrogen

(oxygen-free) was purchased from BOC, UK.

5.3 LPG based biosensor for protein detection

5.3.1LPG modification for biotin detection

For verifying the LBL coating method (described in Chapter 2), the PAH/SiNPs bilayer
initially coated on a silicon substrate. The substrates were immersed into a 1 wt%
ethanolic KOH (ethanol/water=3:2.v/v) solution for 30 mins in order to attach -OH
groups on the surface of the substrates. After washing with distilled water (15 MQ
cm) and drying with N, the substrates were subsequently immersed into positively
charged polymer poly(allylamine hydrochloride) (PAH) (0.17 wt%, pH=10 in water)
and negatively charged SiNPs (concentration range: 0.5 wt% - 20 wt%) (diameter: 70-
100 nm) for 15 mins in each solution. Washing with distilled water and drying with
N2 gas were applied between each immersion (illustrated in Fig 5.1). Repeating the
coating process for up to 4 times. Each SiNPs solution was sonicated for 15 mins prior

to use.

i Substrate :
KOH 'create_d_‘qS PAH layer SiNPs Iay_eir

{

SiNPs solution
S Repeat process
S ——— -

Fig 5.1 LBL deposition of PAH/SiNPs bilayers on silicon substrates
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A bare LPG (grating period: 110 um, grating length: 3 cm) was prepared to deposit
the PAH/SiNPs bilayer via the LBL method (Fig 5.2a). The KOH etched LPG was later
immersed into the PAH and the sonicated SiNPs solution (20 wt%) for alternately
depositing positive charged PAH polymer and negative charged SiNPs on the LPG
surface. The sample was washed with distilled water and dried with N, between each
step. This process is repeated to build up to 6 layers to find out the optimal thickness
which renders the highest sensitivity of the LPG sensor. An LPG is coated with the
three layers PAH/SiNPs for further modification. A second bare LPG is coated with
three layers of PAH/SiNPs by following same coating process but replacing 20 wt% of
SiNPs (diameter: 70-100 nm) with 2.8 wt% of SiNPs (diameter: 300 nm, prepared in
Chapter 4 (section 4.2)).

The three-layer PAH/SiNPs coated LPG was then immersed into 5 % v/v APTES
solution (5% APTES and 5% water in 90% absolute ethanol) for 30 mins followed by
washing with ethanol and water seven times each. The LPG was then dried and left
at room temperature overnight for approximately 17 hours to condense the silanols

group and stabilise the linker.

An aqueous gold nanoparticle (diameter: 3.4 +1.08 nm) solution was prepared in
Chapter 4 (section 4.3), and then added to the LPG fibre bath in which the coated

LPG sensor was placed for 1 hour. The LPG was subsequently washed and dried.

The silica-Au modified LPG was immersed into 0.1 M cysteamine hydrochloride
solution in water for 30 mins to provide amine group termination. The fibre is then

ready to bind with NHS-ester modified biotin as illustrated in Fig 5.2b.

A biotin solution 1 mg/mL was made by dissolving biotin in dimethyl sulfoxide and
deionised water with a volume ratio 2:3; and was then added into LPG fibre bath for

1 hour followed by washing and drying process.
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Fig 5.2 (a) Schematic diagram of the LBL modification of LPG. The bare LPG was initially
treated with KOH to etch —OH group and then followed by subsequently adding polycations
(PAH) and negatively charged SiNPs to build up the film LBL. The functionalisation of SiNPs
was achieved by APTES with a silanisation process for attachment of AuNPs forming a shell

structure. (b) Gold nanoparticle chemically decorated with amine groups to attach biotin.

5.3.2 LPG modification for IgM detection

A three-layer silica-Au coated LPG was fabricated using the assembly method
described in section 5.3.1. It was immersed into 20 mM 11-Mercaptoundecanoic acid
(11-MUA) solution in ethanol for 30 mins. The self-assembled monolayer of the thiol
linkers in 11-MUA solution made a continuous binding to the gold surface leading to
a termination of —COOH group. The LPG was then immersed into 25 mM EDC
solution in MES buffer (0.1 M pH=5.6, with 0.9 % NaCl) for 20 mins followed by
immediate immersion in 60 mM NHS solution (0.1 M PBS buffer, pH=7.4) for another
20 mins. After brief washing with deionised water, the LPG was immersed into a

solution that contains 1 mg/mL anti-IgM in PBS buffer for 1 hour at room
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temperature (temperature regulated at 26 °C). The schematic of the modification is

illustrated in Fig 5.3.

- 4
B

“’\v/\\_/\\,/\u/\/ﬂ\z’_
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Fig 5.3 The modification of LPG for the detection of IgM. The LPG has been coated with three-
layer PAH/SiNPs-Au in advance as illustrated as Fig 5.1 a. Then an EDC/NHS linker is activated
and linked on the surface of gold via a two-step procedure. The primary amine group of anti-
IgM covalently binds to the activated NHS esters leading to the immobilisation of anti-IgM

on the LPG sensor

After washing with deionised water, the anti-IgM functionalised sensor was then
immersed into 1mg/mL BSA for incubation of 1 hour in room temperature followed

by washing with deionised water to remove excess unbound proteins.

5.4 Reflection mode fibre optic CO, sensor

5.4.1Sol-gel based sensing film preparation

Organically modified silica (Ormosil) was produced by mixing 200 uL of TEOS with
1.8 mL of MTEOS in a 20 mL volume of vial under stirring for 10 mins, subsequently
adding 5 mL of ethanol and stirring for another 10mins. Six concentrations of solution
mixture were made by adding 12/17/22/27/32 mg thymol blue into prepared
Ormosil solutions and stirring for 15 mins. Different concentrations were used in
order to evaluate the association of concentration to sensitivity and find out the
optimal concentration. 500 pL of TMAH solution was dropwise added to each
solution mixture, the vials are capped and stirred for 1.5 hours prior to dip-coating.
The final coating solutions that are prepared have dye (thymol blue) concentrations

of 1.6/2.3/2.9/3.6/4.2 mg/mL.
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5.4.2 Polymer-based sensing film preparation

The preparation of EC coating solution is done by dissolving 32 mg of thymol blue
into 10 mL of 9 wt% ethyl cellulose solution and adding additives of TMAH and
tributyl phosphate each for 500 pL (final dye concentration: 2.9 mg/mL). 900 mg ethyl
cellulose powder is dissolved into 10 mL of ethanol in advance for mixing of 2-3 hours
under stirring (clear viscous solution is obtained). Thymol blue (32 mg) is added into
the solution for mixing of 30 mins, then adding 500 pL of TMAH and 500 pL of tributyl
phosphate into the solution mixture. Keep the vials capped and under stirring for

overnight (~10 hours).

5.4.3The coating of the sensing film on the optical fibre

The tip of a 2x1 multimode optical fibre coupler (3dB, F-CPL-M12855, Newport, UK)
cleaved at 90° was dip coated with the sol-gel solution by using an in-house made dip
coater with withdrawal speed of 6mm/s. The coating set-up is illustrated in Fig 5.4,
in which the optical fibre is mounted vertically with the tip facing downward on the
translation stage (M126, Physik Instrumente, Germany). The prepared coating
solution is placed underneath the optical fibre. The two distal ends of the coupler are
connected to a halogen light source (HL-2000, Ocean Optics, UK) and a CCD
spectrometer (USB 2000, Ocean Optics, UK) respectively, and a computer is
connected to the spectrometer for displaying and recording the spectrum during the
coating process. The coating procedure was repeated four times and a drying period
of 2 mins between each coating was allowed. The coated fibres were left in ambient
air for drying for 24 hours before use. The fibre that was dip-coated with the
prepared EC coating solution with same coating speed (1 time) was placed inside of

a pre-heated oven (70 °C) for coalescence 4 hours before use.
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Fig 5.4 Schematic of the dip coating process for coating the sensing film on the tip of an

optical fibre.

5.4.4The coating of the CO, sensitive film for fabricating of
Fabry—Pérot interferometer (FPI) sensor

The tip of the same optical fibre coupler in section 5.4.3 was cleaved at 90°, and then
dip coated with the sol-gel coating solution prepared above at the dye concentration
of 2.9 mg/mL (this is the optimal concentration that found from the experiment) by
using the in-house made dip coating with withdrawal speed of 0.5 mm/s (set-up
illustrated in Fig 5.4). The coating process was repeated up to four times and a drying
period of 2 mins is allowed between each coating. The coated optical fibre is inserted
into a Tedlar bag filled up with 100 % N, (humidity free) for drying about 24 hours
before use. Three sensors with different layer numbers from 1 to 3 are prepared and

exposed in ambient in order to investigate the longevity in air.

5.5 Preparation of FOS for NH; and CO; sensing
5.5.1CO; sensing film preparation

The CO; sensing coating solution is made by doping the thymol blue and TMAH into

a sol-gel film by following the protocol described above.

5.5.2NHs sensing film preparation

The NHs sensing coating solution is prepared by first adding 100 mg of EC into 10 mL
of ethanol for stirring of 2 hours until all the powder is dissolved and the solution
turns to clear. 12 mg of TSPP is then added into the solution for stirring of another

15 hours. Finally, adding 500 pL tributyl phosphate for mixing of 2 hours.
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5.5.3 Coating of the optical fibre with the sensing film

A 2 x 2 multiple-mode optical fibre coupler (3dB, F-CPL-M22855, Newport, UK) was
used to incorporate the sensing film on its two distal tips as illustrated in Fig 5.5. One
tip is dip coated in the sol-gel solution with a withdraw speed of 6 mm/s for 4 times
with 2 mins interval between each coating. The other tip is then dip coated with the
ammonia coating solution with a withdrawing speed of 6 mm/s. The coated fibre was
left in ambient to dry for 24 hours before use. As the coupler is an integrated
component, the two tips with different coatings are treated and used as one
integrated sensor. And the FOS in the experimental description refers to the coupler

with two coating film.

Halogen 3dB, 2 x 2 Optical CO> sensitive
light source fibre coupler ¢ film

=
Cccb a NHs sensitive
Spectrometer film

Fig 5.5 Schematic of the FOS using a 2 x 2 optical fibre coupler with two separate films coated

on its two distal tips.

Moreover, the coating procedure was repeated on the tip of a 3dB 2 x 1 multiple-
mode optical fibre coupler (F-CPL-M12855, Newport, UK) for characterising the

individual absorption spectrum of each film.

5.6 LPG sensor incorporated with molecularly
imprinted polymer (MIP) nanoparticles for the
detection of carboxyl-fentanyl.

5.6.1 Fabrication of LPG array sensor

An LPG sensor with a grating period of 111.5 um, a length of 1.5 cm is fabricated by
using the amplitude mask described in Chapter 2. A second LPG with an equal length
and a grating period of 110 um is inscribed on the same fibre at 1 cm away from the
first LPG by using the same fabrication method. A schematic of the LPG array is

illustrated in Fig 5.6.
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Fig 5.6 Schematic of the LPG array.

5.6.2 Functionalisation of an LPG sensor for the detection of
carboxyl-fentanyl
The coating of MIP nanoparticles is illustrated in Fig 5.7 that can be divided into three

steps: (i) silanisation of LPG with amine group —NH;; (ii) modification of MIPs with

EDC/NHS linkers; (iii) incubation of the LPG with modified MIPs.

(i) The bare LPG (111.5 um) was immersed into a 1wt% ethanolic KOH
(ethanol/water=3:2 v/v) solution for 30 mins to hydroxylate the LPG surface. After
washing with distilled water and drying with N, the LPG was immersed intoa 2 % v/v
APTES solution in ethanol for 20 mins followed by washing with ethanol and distilled
water for four times each. Then the LPG was put into a pre-heated oven at a

temperature of 120 °C for 20 mins.

(ii) A 150 pL of the sonicated MIPs solution (0.13 mg/mL) was added into 400 uL of
a 1 mg/mL EDC solution in MES buffer (0.1M, pH=5.6), continuously adding 1 mg

NHS into the solution for a stir of 15 mins.

(iii) Subsequently adding 175 uL of carbonate buffer (pH=11) to the solution and
incubating with the prepared LPG in (i) for overnight (~12 hours). After the incubation,
the fibre was washed with distilled water for a couple of times to remove loosely
bonded MIPs. It was then immersed into a carbonate-bicarbonate buffer (pH=9.2)

for 2 hours before the measurement.
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Fig 5.7 Schematic of modification process of an LPG with carboxyl-fentanyl MIPs.
5.7 Conclusion

This Chapter describes the materials, sensing film preparation as well as its coating

method for incorporating to the optical fibre sensing platform.

The LPG based biosensor for the detection of proteins is fabricated by coating the
LPG with three layers of bilayers containing PAH/SiNPs via a LBL deposition technique,
and AuNPs (~3 nm) are covalently deposited on the surface of the coated silica
nanoparticle forming shell structure. The LPG sensor is then further functionalised
with biotin and anti-IlgM for the detection of streptavidin and human IgM,

respectively. The details of the sensor performance is demonstrated in Chapter 6.

A reflection mode colourimetric fibre optic CO, sensor is prepared by dip coating the
tip of an 2x1 optical fibre coupler with a film that comprises of a silica/EC matrix
doped with a pH dye, thymol blue and a phase transfer agent, TMAH. An FPI sensor is
fabricated by controlling the thickness of the film (silica matrix doped with thymol
blue and TMAH) coated on the tip via adjusting the withdrawing speed of dip coating
process. Such a sensor combines the colourimetric and FPI technique and is used for

sensing of CO; and RH simultaneously as shown in Chapter 7.

An FOS that integrates two sensitive dyes (thymol blue and TSPP) into one fibre
detection system is proposed for the detection of CO; and NH3 simultaneously. The
two dyes are doped into two independent matrix films, i.e. silica and EC and dip
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coated on the tip of a 2x2 fibre coupler. The sensor performance is explicited in

Chapter 8.

An FOS for the detection of carboxyl-fentanyl is proposed. The sensor uses an LPG as
the sensing platform and the MIP nanoparticles as the sensing element. An LPG array
sensor contains two LPGs with a different grating period and is fabricated with one
LPG coated with MIP nanoparticles as the detection sensor and the other unmodified
LPG as a reference sensor for compensating the temperature effect. The sensor is

then used for detecting of carboxyl-fentanyl from aqueous solution in Chapter 9.
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Chapter 6 Development of LPG based

biosensors

6.1 Introduction

As discussed in chapters 2 and 3 LPGs are sensitive to the Rl surrounding the cladding
region, and therefore bio-sensing can be achieved by modifying the outside of the
cladding with a functional material whose Rl changes in the presence of an analyte
of interest. This removes the need for enzyme labelling and provides a prospect for
alabel-free, low-cost, rapid, POC detection of bio-molecules. The optimum functional
coating combines high sensitivity and high specificity. In Chapter 4, the methods of
synthesising SiNPs and AuNPs, and their advantages in constructing biosensors were
described and discussed. Previous work by our research group [269] developed an
LPG bio-sensor modified with poly(allylamine hydrochloride)/silica core-gold shell
nanoparticles for detection of the streptavidin with a high sensitivity
(6.9 nm/(ng/mm?)) and the minimum detectable concentration of 19 nM. However,
the sensor performance was not optimal due to the poor surface coverage and
uniformity of the coating. In addition, a selected grating period of the LPG sensor was

near, rather than at, the PMTP which also did not lead to the optimal performance.

In this chapter, these points are addressed to fully realise the optimum performance
of this sensor. In particular, a new approach of functionally coating the LPG is
reported here in order to provide significantly improved sensitivity (minimum
detectable concentration of 1.25 nM for streptavidin compared to 19 nM previously
demonstrated [269]). SiNPs are first deposited onto the LPG using the LBL method in
order to address the surface coverage problem providing a more uniform surface
coverage. The surface of the silica particles is then further modified with 3-
aminopropyltriethoxhysilane (APTES) via a silanisation process to covalently attach
AuNPs (diameter of 3.4 £+ 1.08 nm) to the SiNPs, forming a shell structure via a
chemisorption process. In addition, chemical linkers are applied to covalently link the
AuNPs and the bio-receptor in order to minimise unspecific binding to the gold

surface. Crucially the LPG sensor is fabricated close to the phase matching condition
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and, at the deposition of sensing film, the coupling conditions are modified such that
sensors operate at the highly sensitive PMTP. The transmission changes at a specific
wavelength, corresponding to the resonance band at the PMTP, are detected which
has been reported to be more sensitive than the wavelength shift [270]. After
optimising the LPG sensor performance using streptavidin, it was then used for the
first time to the best of my knowledge to detect human IgM by functionalizing the
coated LPG with anti-human IgM antibody as a proof of concept towards application

in clinical POC. The result reported in this chapter have been published in [183].

6.2 Definition of LPG biosensor parameters

The adsorption of protein on the LPG is simulated by using of the Langmuir-

Freundlich (LF) isotherm approaches [271]:

(kCO)PMm

= —[1+(kc)ﬁ] (6.1)

Where a is the amount of protein adsorbed, k is equilibrium constant, C is the
concentration of protein in solution, M is the maximum adsorption and f is the
heterogeneity parameter. When § = 1, the LF Eq 6.2 will become the Langmuir

isotherm equation as described in [269].

It is assumed that the adsorption of protein is proportional to the change of
transmission (or wavelength shift, AA) of the LPG at the PMTP. The Eq 6.2 can be

written as:

_ (kC)B
AP = APy 4y —[1+ ROF]

(6.2)
Where AP is the transmission change (or wavelength shift) of the LPo19 mode at the
phase matching condition as a result of Rl change induced by the adsorption of
protein on the LPG surface and 4P,,,, is the maximum change of transmission (or
wavelength shift) when the sensor surface reaches saturation and cannot bind any

further protein.

The sensitivity (S) of the LPG sensor is defined as the maximum transmission change

(or wavelength shift) for the unit surface density of bonded protein.
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5 = —rmax (6.3)

Where 8,,,« is the surface density of target protein immobilised on the sensor when

all the capture sites are occupied.

The theoretical of LOD is given by the resolution of sensor divided by the sensitivity

[272].

6.3 Method

6.3.1Thin film characterisation

A disposable cuvette containing 1 mL of sonicated SiNPs suspension (0.5 wt%) was
mounted into Malvern Zetasizer Nano-ZS (Malvern Instruments, UK) with a
temperature of 25 °C and Rl setting of 1.458 for measuring the size distribution of
SiNPs. The coated silicon substrates with PAH/SiNPs bilayers were examined under
ellipsometry (alpha-SE, J.A.Woollam, USA) for achieving thickness and Rl information.
The coated SiNPs with gold shell structure on optical fibre was imaged using
transmission electron microscopy (TEM) (JEM-3010, JEOL, Japan). The morphology of
the PAH/SiINPs film was studied using scanning electron microscopy (JSM-7100F,
JEOL, UK).

6.3.2 Streptavidin detection

The prepared streptavidin solutions were left at the laboratory room temperature
for 1 hour in order to obtain a uniform temperature across each testing solutions
(controlled at 22 °C). The functionalised LPG was immersed for different time
intervals depending on the concentration range of streptavidin in water ranging from
1.25 nM to 2.7 uM for 20 mins (1.25 nM to 5 nM), 30 mins (10 nM to 0.3 uM) and 1
hour (2.7 uM). Different time intervals were used to ensure the saturation of the
sensor response. Between each concentration test, washing and drying took place to
remove streptavidin with non-covalent binding and to avoid bulk Rl of the solution.
The transmission spectra were subsequently recorded at a frequency of 0.5 Hz. The
Rl of the streptavidin solution with a concentration of 2.7 uM and deionised water

were measured using a digital refractometer (Reichert 13940000).
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6.3.31gM detection in solution

The human IgM antibodies were suspended into Tris buffer (50 mM Tris.Cl, 200 mM
NaCl and 0.025 % NaNs, pH=8) at concentration range from 15.6 pg/mL to 1 mg/mL.
The modified LPG sensor was subsequently immersed at room temperature
(temperature regulated at 26.1 + 0.26 °C, Fig 6.11) for 30 mins in the IgM solution
from the lower to higher concentration and washed between each test with buffer
solution to remove unspecific bonded IgM and avoid accumulation of IgM at the
surface that increases bulky RI. The Rl of the buffer solution and the IgM solution
with the highest concentration (1 mg/mL) were measured using a digital
refractometer. The specificity test of the developed sensor was conducted by

immersing the prepared sensor into 1 mg/mL of BSA in Tris buffer for 30 mins.
6.3.4 Detecting IgM from blood serum

Four blood serum samples with different IgM concentrations were prepared by
mixing blood serum samples with 1 mg/mL of IgM solution with a volume ratio of 1:0,
5:1, 2:1 and 1:1, respectively. The anti-lgM functionalised LPG is subsequently
immersed into the four prepared samples for 30 mins each and thoroughly washed

with PBS buffer (0.1M) to remove unbound biomolecules between each sample.

6.3.5 Experiment set-up

The coated LPG of length 3 cm, period 110 £ m and duty cycle of 50:50 was prepared

by using an amplitude mask and UV inscription (as described in Chapter 3, section

3.2).

The LPG sensor region was placed into a Teflon fibre bath (inner well diameter: 55(L)
x5(W) x4(D) mm) containing the solution under test (Fig 6.1) for streptavidin
detection and IgM detection. The proximal and distal end of the optical fibre was
connected to a Halogen light source (Ocean Optics, HL-2000, UK) and CCD
spectrometer (Ocean Optics, HR4000, UK) respectively with data transferred to a

computer for post-processing.
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Temperature variation of the lab was monitored by using a thermocouple logger (TC-
08, Pico Technology, UK), the thermocouple is placed close to the Teflon fibre bath

and temperature data was recorded with a sampling frequency of 0.1 Hz for 24 hours.

Compuber

Halogen light source

_] CCD Spectrometer
%‘

Optical fibre with gratings inside
of Tedflon fibre bath

Fig 6.1 The LPG sensor set-up.

6.4 Results and Discussion

6.4.1 LBL film deposition

The hydrodynamic size (Z-average size) of SiNPs is 137 nm with a PDI value of 0.08
based on the analysis of DLS (Fig 6.2).
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Z-averagesize: 137 nm
25 Modal diameter: 151 nm
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Fig 6.2 Size distribution of commercial SiNPs. The mean size of SiNPs based on the size

distribution is calculated as: 137 £ 46 nm.
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The electrostatic force based self-assembly LBL technique relies on the surface
charge of particles or polymers. Higher magnitude and density of surface charge
produce strong attractive force resulting in the formation of layers. SiNPs can obtain
a negatively charged surface when dispersed in water due to the deprotonation of
silanol group (Si-OH). The charge density of SiNPs surface is dependent on the pH,
particles size as well as salt concentration dissolved in water [273]. Generally
speaking, the magnitude of the surface charge density increases as pH increases. As
the concentration of H* ions decreases with increasing of pH, more negatively
charged SiO™ are dissociated from the functional groups SiOH resulting in higher
negative surface charge density. The size of SiNPs also affects the surface charge of
nanoparticles due to curvature effects, and surface charge density decreases with
increased particle size and asymptotically reaches that of a flat plate [273-275]. The
concentration of salt in solution determines the charge distribution inside of the
electrical double layer (EDL) around particles, and the particle’s surface charge

density increase with an increase in background salt concentration [273].

The self-assembly film comprises alternate PAH and SiNPs layers. Since the thickness
of a monolayer of PAH film is less than 2nm [276], it can be neglected (considering
the diameter of SiNPs is above 100 nm) and the thickness of such bilayers is
approximately the thickness of SiNPs. Assuming they form uniform monolayers on
the silicon substrates, the overall thickness of the film should equal the number of
bilayers multiply by the size. The coating thickness and Rl after each bilayer are
illustrated in Fig 6.3. It is clear that the self-assembly film thickness linearly increases
as the number of bilayers increase and the thickness varies with the concentration of
SiNPs in the coating solution. When the concentration is above 10 wt%, the thickness
of each layer of the coated film match to their theoretical thickness (theoretical
thickness of one layer of the film is considered as the average size of SiNPs (137 nm)).
The film thickness decreases for each layer with the decrease of the concentration (<
10 wt%), which is attributed to lower surface coverage of SiNPs film (illustrated in Fig
6.4a) resulting in a lower average thickness value. The Rl value of the film also varied
based on surface coverage. The Rl value of PAH/SiNPs bilayers is ~ 1.25 when SiNPs

are uniformly covered.
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Fig 6.3 The measurement of the coated silicon substrates using Ellipsometry. Each point in

the graph is the average value of five independent measurements at different positions of

the substrate and error bars represent the standard deviation of the five independent

measurements: (a) the thickness of self-assembly PAH/SiNPs film as a function of the number
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of layers. The 0 layer is the measurement of KOH treated silicon substrate only; (b) RI of the

film after each bilayer.
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Fig 6.4 SEM image of 4 layers PAH/SiNPs on silicon substrates prepared by using SiNPs

concentration of : (a) 0.1wt%, scale bar= 1um; (b) 20 wt%, scale bar= 1um.
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6.4.2 LPG characterisation

Fig 6.5 illustrates the surface coverage of the three bilayers on an optical fibre that is
prepared by using home-made SiNPs with the size of 300 nm. The SEM image shows
a poor surface coverage which is probably due to the lower density of surface charge

of large size of SiNPs [273-275] or lower concentration of SiNPs.

Magn  Det
1716x SE

Fig 6.5 SEM image of 3 layers PAH/SiNPs bilayers, SiNPs were prepared with an average size
of 300 nm. Scale bar = 50um

The sensor optimisation in terms of the size of SiINPs was investigated in our previous
work [269] where the large particles (300 nm) exhibit a higher sensitivity than the
small one (80 nm). Due to the limitation of surface coverage encountered using large
size of nanoparticles, particles with average size 137 nm (Fig 6.2) were used in this
work. The concentration of AUNPs was chosen such that the shell structure illustrated

in Fig 6.6a can be produced.
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Fig 6.6 (a) TEM image of SiNPs with gold shell, the particles were scratched from the coated
glass substrates confirming the attachment of AuNPs with the shell structure (scale bar = 50
nm). (b) SEM image of three layers of PAH/SINPs with gold shell (scale bar = 500 nm). (c)
Cross-section of optical fibre with three layers of PAH/SiNPs with gold shell (scale bar = 1

um). The arrows illustrate the thickness of the film, measured as 863 nm.

The TEM image of SiNPs coated with a gold shell is shown in Fig 6.6a. The image
confirmed the successful deposition of AuNPs onto the coated SiNPs. A film
containing three layers of PAH/SiNPs with gold coated on the surface was deposited
onto the optical fibre, and its SEM results are shown in Fig 6.6b indicating a uniform
surface coverage. The thickness of three layers on the optical fibre is measured as
863 nm from the SEM image in Fig 6.6¢. The film thickness of the three layers of film
is more than twice the expected thickness based on the nanoparticles diameter
(414nm, neglecting the contribution of PAH). It is also twice of thickness than on
silicon substrates, which can be attributed to high magnitude of surface charge
induced by curvature structure of silica fibre that leads to the strong ionic interaction

or the aggregation of SiNPs on PAH film [277].

The deposited film increases the Rl probed by the LPG. This causes a wavelength shift

in the attenuation bands and triggers the phase matching condition. As illustrated in
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Fig 6.7a, the attenuation band corresponding to the coupling of the 18" linearly
polarised mode (LPo1s) undergoes a blue-shift in response to each layer deposited,
and LPo1g with a central wavelength of 850 nm starts to appear as a wide attenuation
band that further grows as each layer is deposited. The attachment of AuUNPs can also
be observed in the transmission spectrum which causes a further increase in
attenuation. Since the sensitivity of the LPG sensor to ambient Rl change is thickness-
dependent [278], the sensor was coated with 6 layers of PAH/SiNPs thin film (Fig
6.7b). As can be observed from Fig 6.7b, the slope of wavelength decreases after 3
layers confirming that the optimal thickness of the PAH/SiNPs thin film is reached

after 3 deposited layers, corresponding to ca 900 nm (Fig 6.6c¢).
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Fig 6.7 (a) Transmission spectra of LPG in water after deposition of (PAH/SiNPs)" film (n=1,2,3
layers) and gold. Central wavelength of LPois shifts to the left with each layer deposition
process and the transmission of attenuation band at LPo19 decreases with increasing of layers.
(b) The central wavelength of LPG at LPo1s in water as a function of layers. The error bars

represent the standard deviation between two times repeated deposition process.

To avoid the effect of the bulk Rl change in different solutions during the deposition
process, spectra were always measured and then compared to those measured in
water. This allows taking into account the single change caused only by the specific
binding. For binding measurement, the Rl of the blank sample and target samples

were measured using a refractometer, and no detectable change was measured.
6.4.3 Streptavidin detection

The modified LPG was first immersed into a biotin solution with concentration of 1
mg/mL (2.9 mM). The biotin molecules start to react with —-NH2 group of the AuNPs.
The bound biotin molecules on LPG surface increase the Rl of the film coated on the
LPG, which leads to a wavelength shift of 0.5 nm for LPg1s mode and a transmission
change of an approximate 7% (0.06988) for LPo1s mode (Fig 6.8a). The wavelength
shift induced by the bonded biotin at the first attenuation band (LPo1s) is bigger than

determined previously (0.11nm) [269].
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Streptavidin has a very high affinity of binding to biotin [279] and is known as the
strongest noncovalent interaction between proteins and ligand [280]. One
STREPTAVIDIN molecule has the ability to bind with up to four biotin molecules. The
bond formation between biotin and streptavidin is rapid (in a range of 3.0 x10°- 4.5

x10” M1s?) [281].

The transmission spectra as the LPG is immersed in different concentrations of
streptavidin solutions are shown in Fig 6.8b. The attenuation band at 850 nm (LPo19
central wavelength) becomes bigger and broader with increasing streptavidin
concentration. The optical transmission measured at 850 nm shows a step change
with increasing streptavidin concentration (illustrated in Fig 6.8c). The transmission
value at this wavelength in air equals to 1 indicating that the sensor is not at the
phase matching condition when operating in air due to lower Rl (n.ir=1) when
compared with the aqueous solution. The Rl of the tested streptavidin solution
measured with a refractometer showed the same value as deionised water (1.3330).
Therefore, the contribution of Rl caused by different streptavidin concentrations is
negligible. For the lower concentration of streptavidin (up to 19 nM), the response
time of the sensor is less than 10 mins and binding events between biotin and
streptavidin were finished after 20 mins. For the concentration above 19 nM, the
sensor shows dynamic change of transmission indicating the binding of streptavidin.
The slope of the transmission signal increases with increase of streptavidin
concentration. This is attributed to the higher association ratio of the binding
reaction caused by the higher concentration of reactant (streptavidin). The change
of transmission signal at higher concentration (83 nM to 2.7 uM) did not stop within
the observed 20mins and shows no saturation even when an additional 10mins is
provided. During the one hour reaction at a concentration of 2.7 uM, the
transmission signal shows gradual saturation of signal indicating the ending of
binding events. The transmission intensity value starts to increase at a concentration
of 1.4 uM due to the further development of attenuation band at LPo19 and its split
into two coupled bands moving in opposite directions as Rl increases resulting in the

increase of the transmission intensity value (illustrated in Fig 6.8b).
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The theoretical value of transmission signal of the sensor is calculated using Eq 6.2.
The value of parameters (k, M and B) are defined by the means of nonlinear least-
squares data fitting [271, 282]. From the calculation based on Solver [282], the best
fitting is achieved when the parameters are set as k=0.000001, M=24.8617 and
B=0.660836, respectively. Thus, the maximum transmission change and binding
constant are 24.8617 and 0.001 (pM)™. Fig 6.8e shows that the transmission change
at the central wavelength (850 nm) after 20 mins reaction fits to the Langmuir-

Freundlich isotherm. The coefficient of determination R?=0.9899, p<0.05.

As described in [269], the theoretical surface density of a streptavidin monolayer is
6.4 ng/mm? making the sensitivity of the LPG sensor = 3.88 (ng/mm?)! based on the
calculation from (4). The resolution of the system is defined by the noise level in the
blank measurement which is the fluctuation of transmission at the central
wavelength (850 nm) in water measurements (Fig 6.8c). The system resolution is two
times the standard deviation of the stabilised transmission signal in water (2 x
0.00167=0.00334). The theoretical LOD of the sensor is then calculated as 0.86

pg/mm?.

The central wavelength at LPoig continuously shifts to a lower wavelength as the
concentration of streptavidin increase. The dynamic binding can be observed in the
same concentration range as the transmission value at LPo1g (Fig 6.8d). Fig 6.8f
illustrates wavelength shift of LPo1s attenuation band after 20 mins reaction at each
concentration and its Langmuir-Freundlich isotherm. The analysis of LPo1s revealed
the same binding constant of 0.001 (pM)?! as compared with the LPois and a
maximum wavelength shift of 92.3 nm. The sensitivity and LOD are then calculated
as 14.04 nm/(ng/mm?) and 12.1 pg/mm?, respectively. The sensitivity is also higher
than the highest sensitivity reported in [269] (6.9 nm/(ng/mm?)).

Table 6.1 lists the LOD values between this sensor and that reported in [269].
Compared with the previous sensor [269], the developed sensor has higher
sensitivity (3.88 (ng/mm?)?) and 22 times lower LOD. The main reason of higher
sensitivity is attributed to the optimisation of the sensor parameters such as grating

period and film coverage.
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Fig 6.8 (a) Transmission spectrum of the LPG measured in water before and after biotin
binding. (b) Transmission spectrum of the LPG in different concentration of streptavidin
solution. (c) The transmission value at wavelength of 850nm of LPo1s against time during
measurement; the signal was recorded continuously for each measurement of concentration,

excluding the wash steps. (d) The wavelength shift of LPo1g against time during measurement;
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(e) Langmuir-Freundlich fit of data. Each data point represents the change of transmission
signal after 20min reaction time in different concentrations of streptavidin; the graph inset
shows lower concentrations (up to 19 nM), the error bars represent the standard deviation
of the signal in blank measurement. (f) Langmuir-Freundlich fit of the data at the wavelength

shift of LPo1s, inset: lower concentration range

The reproducibility of the LPG sensing platform performance relies on the precise
fabrication of LPG sensor and functionalisation process that allows the sensor to
operate at or close to the phase matching condition. This can be achieved by tightly
controlling the laser fabrication process of the LPG sensor [283] and an automation
based functionalisation process that helps to reduce the variation of each sensor
from manual production of the functional coating by the strict control of immerse

time, wash step and drying process [284].
6.4.41gM detection

The binding of anti-lgM was obtained via the reaction of the primary amine group of
anti-lgM with the succinimidyl ester group presented on the surface of AUNPs. The
suspended anti-IgM in solution started to attach on the surface of the LPG sensor,
causing a change of Rl surrounding the LPG leading to a total wavelength shift of 8.57
nm in the resonance band of LPois (illustrated as Fig 6.9a). The wavelength shift at
the resonance band of LPois during the binding of anti-IgM in the solution was

observed as a gradual saturation within the 1 hour immersion time (Fig 6.9b).

The anti-IgM functionalised LPG sensor exhibits a wavelength shift of 4 nm at LPo19
during 1 hour of immersion as a result of attachment of BSA on the sensor surface

(Fig 6.9c¢).

Different concentrations of IgM (from 15.6 pg/mL (16.42 nM) to 1mg/mL (1uM))
were detected. The central wavelength of LPo19 (at 850nm) undergoes an increase in
transmission value and the separation of dual bands at LPo19 gets wider as increasing
the concentration (Fig 6.9d). Fig 6.9e shows the separation of dual bands at LPo19 with
time during the measurement of different concentration of IgM. The data for
washing steps and immersing process are excluded. The LPG sensor exhibits the

immediate response at the presence of IgM in solution. The dynamic binding process
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can be observed from each concentration as the wavelength separation of dual
bands starts to increase during immersion time of each concentration. A fast binding
and the gradual saturation of signal are observed in higher concentration (Z 125
ug/mL) which indicates the gradual saturation of available binding sites on the sensor

surface.

The shift of wavelength at LPo1s mode introduced by each concentration of IgM fits
well to the applied Langmuir-Freundlich isotherm by using the method demonstrated
in Eq 6.2 with a coefficient of determination value R? = 0.9965 (Fig 6.9g) (p<0.05). The
heterogeneity parameter B = 1 in Eq 6.2 and the fitting becomes the Langmuir
isotherm. The binding constant and maximum wavelength shift are determined as
0.012 (ug/mL)*and 13.72 nm, respectively. The theoretical surface density of an IgM
monolayer is 1.26 ng/mm? based on the average size of IgM reported by [285] and
[286]. Thus, the sensitivity of the LPG for IgM detection is calculated as
11 nm/(ng/mm?) based on Eq 6.4. The resolution of the spectrometer is 0.17 nm.

Thus the LOD is calculated as 0.015 ng/mm?.

The RI of IgM solution (Img/mL) is measured as 1.3365 which shows no detected R
difference compared with the blank sample (buffer solution). Therefore, the signal
change contributed by the different Rl of each tested solution is negligible. The
specific binding of anti-IlgM with IgM ensures the high specificity of the developed
sensor for detection of IgM. BSA was used as a blocking agent to block the potential
unspecific binding of biomolecules on AuNPs surface. The prepared IgM sensor was
tested in the 1 mg/mL BSA solution that revealed a total shift of 1.14 nm (most likely
due to bulk Rl change due to very high concentration) in wavelength (Fig 6.9¢e) which
is smaller than the contribution of any tested IgM concentration confirming the

specific response of developed sensor to the human IgM (Fig 6.9f).
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Fig 6.9 (a) Transmission spectrum of the LPG in anti-IgM solution before and after binding.
(b)Wavelength separation of LPo1g as a function of time during functionalisation of anti-IgM.
(c) Transmission spectrum of the LPG in BSA solution. (d) Transmission spectrum of the LPG
in different concentrations of IgM. (e) The separation of dual bands at LPg1s in response to
the different concentration of IgM suspension solution. (f) Wavelength separation of the LPG
at blank (buffer) and 1 mg/mL BSA solution. (g) Langmuir isotherm fit of data. Each point is
the average wavelength shift of the last 5 mins reaction in each concentration. The error bars
represent the standard deviation for the stabilised signal in each testing solution. The sensor

response for 1 mg/mL BSA is labelled as a comparison for evaluation of sensor specificity.

Table 6.2 shows the comparison of the developed LPG IgM sensor with other
reported IgM biosensors. The developed LPG sensor has comparable performance in
terms of LOD to SPR [287]. Among these types of sensors, the LPG sensor is the only
one that is low cost, high sensitivity and has label-free operation. The IgM levels
reported in adults and children with SIgMD are 29.7 * 8.7 mg/dL (mean * SD) and
16.5+13.8 mg/dL (mean £ SD) [288, 289]. In the developed sensor, the concentration
range detected is from 1.56 mg/dL to 100 mg/dL. The developed sensor exhibited
the capability of detecting IgM levels in a wide range concentration and is useful in

screening SIgMD (<20 mg/dL) and diagnosis of neonatal infection (> 20 mg/dL).
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Besides, the ability of dynamic monitoring the binding process supports the

application of the sensor in POC diagnostics.

For IgM detection, the LPG with the same grating period and coating thickness as for
streptavidin detection is used. However, the IgM experiment is conducted in buffer
solution with a slightly higher Rl (1.3365) than the water (1.3330) used in the
streptavidin experiment causing the change in the transmission spectrum. The LOD
when using the transmission of central wavelength as signal is 97 pg/mm? which is

higher than the value of wavelength shift (15 pg/mm?).

In order to achieve the optimal phase matching condition, the grating period of LPG
sensor, sensor functionalisation process as well as the working environment such as
solvent of target molecules and temperature of sample need to be taken into account
when designing such biosensor. Among those parameters, the LBL coating process
described in this chapter is a reliable and repeatable coating process. If the working
environment parameters (e.g. Rl and temperature) are known, the optimal sensor
performance can be achieved by properly design the right grating period of LPG
sensor based on the provided working environment parameters. The results
presented in the Chapter were achieved in a temperature regulated lab condition in
which the temperature cross-sensitivity is neglected (according to the measured data
Fig 6.10). Fig 6.10b illustrates the result of the temperature data in Fig 6.10a after
taking fast Fourier transform (FFT) algorithm. The DC signal has been removed from
the figure. The amplitude in the graph represents the temperature variation which
may contribute to the noise level of the LPGs. The biggest spike is about 0.3 °C but
with a frequency of 10 Hz which is believed not affecting the LPG response due to
either small amplitude or low frequency. The temperature is therefore considered as
constant for LPG sensor. However, in the practical application, temperature will
always need to be taken into account. A reference LPG sensor can be added to

compensate the temperature effect as well as the bulk Rl induced signal change [290].
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Fig 6.10 (a) Temperature fluctuation of 24 hours in the temperature regulated lab; (b)

Frequency distribution of the temperature signal in (a) after removing the DC.
6.4.51gM detection in blood serum

Blood serum of a healthy adult human contains IgM concentration range from 0.4 to
2.3 mg/mL (0.4 -2.42 uM). Fig 6.11 shows the wavelength separation of dual bands
at LPo1o at different samples. The wavelength signal shows a step change and dynamic
increasing of separation in blood serum indicating a gradual binding of IgM in serum.
As increase of IgM concentration, there is a saturation of signal due to the saturation

of available binding sites (anti-lgM). However, the level of IgM in blood serum is
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unknown so that the exact concentration of IgM in the four tested samples are not

clear.
140 T T T T T T
Blood Blood

A135 B Blood Serum + 347 Serum + 5261
E M IgM nM IgM
£
n 130
o
c
3
— 125
©
S
(@)

120

115 L L L L L L

0 20 40 60 80 100 120 140

Time (mins)

Fig 6.11 The wavelength separation of LPG at LPg1s for the response of 4 blood serum

samples.
6.5 Conclusion

An LPG optical fibre-based sensor coated with a film comprising three layers of
PAH/SiNPs with gold shell for detection of streptavidin and IgM was constructed.
The data for binding events fit the Langmuir isotherm. The LPG sensor operating
close to phase matching condition shows a high sensitivity of 3.88 (ng/mm?)*
with a detection limit of 0.86 pg/mm? for the detection of streptavidin. The
minimum detectable concentration of streptavidin is 1.25 nM. The sensor
performance has been improved compared to the previous best performance for
this type of sensor reported by [269] (LOD: 19 pg/mm?, minimum detected
concentration: 19nM) due to the selection of the LPG sensitive working region and

improvement of the uniformity of the coating surface.

The LPG sensor also demonstrates the capability of detecting human IgM with a
sensitivity of 11 nm / (ng/mm?) and an LOD of 15 pg/mm? in buffer solution. The
low cost, real-time detection, high specificity would enable the sensor to be
applied in clinical POC for the diagnosis of IgM related diseases. The LPG sensor
was tested in the blood serum sample and exhibits a response to the increase of
IgM concentration. Due to the lack of a gold standard method to verify the
concentration of IgM in the blood serum sample, the exact concentration of four

tested sample remains unclear.
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Table 6.1. Comparison of developed sensor with sensor in [269].

Type of | Uniformity Type of
Type of LOD
References film of film protein
sensor
detection
[269] LPG sensor at | Silica core Poor Biotin- 19 pg/mm?
PMTP gold shell streptavidin
(Wavelength NPs
shift)
Developed LPG sensor | Silica core Good Biotin- 0.86 pg/
sensor close to gold shell streptavidin mm?
PMTP NPs
(Change of
transmission)
Table 6.2. List of biosensors for the detection of IgM.
Reference Type of sensor Analyte (target) | Sensitivity LOD
[287] Surface Plasmon IgM antibody N/A 12 pg/mm?
waveguide
[291] chemiluminescent IgM antibody 98.1% 1:10°8
optical fibre dilution
immunosensor
(OFIS)
[292] Giant IgM antibody 50 ng/mL N/A
Magnetoresistance
(GMR)
Developed LPG sensor IgM antibody 11 nm/ 15 pg/mm?
sensor (ng/mm?2).
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Chapter 7  Development of FOS for the

measurement of CO, & RH from breath

7.1 Introduction

Chapter 2 introduced the typical configuration of an FOS, film deposition techniques
and the working principle of pH indicators for the measurement of CO,. In this
Chapter, optical fibre-based CO; sensors are fabricated by the combination of an
optical fibre coupler with a CO; sensitive film which contains a matrix film doped with
pH indicator (thymol blue) and phase transfer agent (TMAH). Ethyl cellulose (EC) and
organically modified silica (Ormosil) were used as the matrices for the thymol blue.
Ormosil is a product formed by the sol-gel process (described in Chapter 2). It
generally has better properties than polymers regarding resistance of mechanical
force and heat [293]. The response time of such sensors depends on the permeability
and the thickness of the film. The EC film is prepared by coalescing the chain polymer
into a network structure with a plasticiser. A Fabry—Pérot interferometer (FPI) sensor
is fabricated by controlling the thickness of the Ormosil film via the dip coating
process. The film doped with thymol blue and TMAH is used for the sensing of CO;
through the change of reflection value at a specific wavelength, and the wavelength

of the FPI peak is found to be sensitive to the atmospheric RH.

This Chapter investigates key steps required to turn these sensors into useful
measurement tools in end-tidal CO; (ETCO;) monitoring specifically regarding sensor
longevity, dye concentration, response time and cross-sensitivity to temperature and
humidity. The tip-based CO, sensor significantly reduces the size of the sensing area
(125 pum diameter) and has more flexibility in real-world application compared with
evanescent field sensors previously proposed [68] (10 cm length of the sensitive
region). It has been reported that sensors based on pH-sensitive dyes completely lose
sensing capability after ~1 week, which may be attributed to the thermal degradation
of the quaternary ammonium hydroxide catalyst or photobleaching of the dye
compound [69, 70]. It is demonstrated in the Chapter that appropriate storage

methods can be used to extend longevity significantly. The prepare FPI sensor is
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exclusively sensitive to two parameters (CO, and RH) with a neglectable cross-talk
demonstrating the capability in simultaneously measuring CO2 and relative humidity
(RH) from human breath. The results reported in this chapter, section 7.3 have been

published in [294].

7.2 Method
7.2.1Sensing mechanism for CO;

Thymol blue, as a pH indicator, has two detectable ranges [295] . Its colour transitions
from red to yellow when the pH rises from 1.2 to 2.8 and from yellow to blue at pH

8.0-9.2. The colour transition during the reaction of CO; can be explained by:
QOH + HT (red) = Q*T~ - xH,o(blue) (7.1)
CO0,(g) = COz(aq) (7.2)
{Q*T~ -xH,o0}(blue) + CO,(aq) = Q*HCO3 - (x — 1)H,0 + HT (yellow) (7.3)

Where HT is the acidic form of thymol blue, QOH is TMAH, Q" is a
tetramethylammonium ion and T is the deprotonated thymol blue. Q*T~ - xH,o is
the ion pair formed between acidic thymol blue and TMAH in the matrix film that
causes the colour change due to change of protonation status (Eq 7.1). The formation
of the ion pair and the above sensing mechanism have been confirmed and proposed
by Mills et al. [296]. Gas phase CO; (g) transitions into aqueous CO; (aq) when it
permeates from outside into the matrix film. CO2 (aq) reacts with the hydrated water
molecule (H20) to form carbonic acid (H.COs) which further dissociates into a
bicarbonate ion (HCOs ) and a hydrogen ion (H*). The latter converts the T into
protonated status HT as illustrated in Eq 7.3 and the colour turns from blue to yellow

correspondingly.

7.2.2Sensing mechanism for RH

As illustrated in Fig 7.1, the sensitive layer that is dip coated on the tip of the optical
fibre forms an FP cavity with a length of few micrometres (~6um, measured from Fig
7.3a). The light transmits from the fibre into the film and from the film into air and

reflection occurs at each interface (differential Rl medium) on its pathway.
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Reflection interface

Fig 7.1 Schematic of the FPI sensor.

Due to the differential phase of the reflected light between the two interfaces,
interference fringes can be observed when the thickness of the coated film is less
than the coherence length of the light source. The phase difference of the FPI can be
simplified as Eq 7.4:

Oppr =22l (7.4)

Where A is the wavelength of incident light, L is the thickness of the film and n is the
Rl of the cavity material. The reflection spectrum can be described as wavelength
dependent intensity output, the intensity of FPI at a particular wavelength are in-
phase and out-of-phase resulting in a maximum and minimum peaks in the reflection
spectrum. When a perturbation is introduced to the FPI such as a change of RI, the
phase difference is changed with the variation in optical path length of the
interferometer. The change of phase difference is observed as a shift of the
wavelength of the interference fringes in the reflection spectrum, and the degree of
the perturbation can be quantitatively correlated to the shift in wavelength. When
increasing the atmospheric RH level, the water molecules are adsorbed by the
unreacted hydrophilic silanol group (Si-OH) of the sol-gel film leading to a change of
RI of the sol-gel film. As a result, the phase difference of the two interference beams

of the FPI is changed and the interference fringes undergo a shift.
7.2.3 Determination of the sensor parameters

The geometry of the coated film on the fibre tip was imaged and measured using
scanning electron microscopy (SEM) (JEOL 7100F, UK). The fibre with the coated film

was cut into a 4 cm length from the tip and mounted horizontally in SEM stubs. The
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sample was then coated with an 8 nm thick layer of Iridium using a sputter coater

(Quorum and Polaron, UK) to increase the conductivity for electrostatic discharge.

The Rl of the prepared CO; sensitive film was measured by a Spectroscopic
Ellipsometer (alpha-SE, J.A.Woollam, US). A silicon wafer was cut into 1 cm wide
pieces and dip coated with the film and dried in air after 24 hours before the
measurement. The measurement is taken at three different positions of the coated
substrate for obtaining the Rl value. And the final value presented is the average

value of the three times measurement.

The thickness of sensing film of the FPI sensor can be calculated using Eq 7.5:

A4y

= 2n(-1y) (7.5)

where L is the thickness of the film (cavity length), n is the RI of the film, A; and 4,
are the central wavelength of two adjacent inteference peaks.

The reflection value that described in this Chapter is defined as:
R =2 x100% (7.6)
1

Where /1 is the intensity of light that is reflected from the fibre tip when there is no
film present and Ipis the intensity of the light after interaction with the coated film.

The absorbance is calculated from R using:
Absorbance = 2 —log;, R (7.7)

The sensitivity of the FOS is defined as the magnitude of the reflection change per

unit of a given target analyte, in this case, CO; concentration.

The response time and recovery time of the FOS is calculated as the time between

the 10% of the signal change to the 90% of the signal change.
7.2.4Experimental set-up

The reflection absorption spectrum of the FOS was measured using the set-up
illustrated in Fig 7.2a utilising a multimode 1x2 optical fibre coupler (F-CPL-M12855,
Newport, UK). A halogen light source (HL-2000, Ocean Optics, UK) illuminates the tip
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and the reflected light is detected using a CCD spectrometer (USB 2000, Ocean Optics,

UK) which is connected to a computer for post-processing.

The FOS is placed inside a gas chamber (15 cm (L) x13 cm (W) x8 cm (H)) which has
an input channel and output channel for gas infusion and expulsion respectively. A
commercial CO; datalogger integrated with a humidity and temperature sensor (K-
33 BLG, CO, Meter, USA) was positioned inside the chamber for calibration purposes.
The concentration of CO; inside the chamber is regulated by mixing N, and CO; gas.
For the humidity cross-sensitivity test, humidity is regulated by flowing humidified N>
/CO; created by bubbling the gas in distilled water into the chamber (Fig 7.2a).

Due to the limitation of the set-up for generating very high RH level, the FOS was also
tested in an environmental chamber (Bench Top, C-TH40-20/1, Climatic Ltd, UK) for
the RH calibration at a high level (up to 100 %) (illustrated in Fig 7.2b). A humidity
datalogger (iButton Hygrochron Temperature/Humidity datalogger, DS1923, Maxim
Integrated Ltd) was placed inside the chamber along with the FOS to provide the real-
time RH and temperature reading. The light source and spectrometer were used the

same as introduced previously in Fig 7.2a.

Fig 7.2c shows the set-up for measuring the CO,/RH level from the breath by using
the developed FOS. The tip of the fibre sensor is inserted in a Tedlar bag (2 litres,
Sigma-Aldrich, UK) through a syringe needle (inner diameter: ~1 mm), and the CO;
datalogger (K-33 BLG, CO, Meter, USA) is sealed into the Tedlar bag to provide a
reference for the CO, and RH value before and after breathing. A heat moisture
exchanger (HME) (Clear-ThermTM 3, Intersurgical Ltd, UK), typically used in
mechanical ventilators [297], was applied behind the mouthpiece to prevent the
condensation of humidity after the breath gas leaving from the human body (37 °C)
to ambient temperature (22 °C). The light source and spectrometer were used, the

same as introduced previously in Fig 7.2a.
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Fig 7.2 (a) Schematic illustration of the experimental setup for FOS CO, calibration. Orange

line - optical fibre. A commercial CO; datalogger was placed inside the chamber for recording
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the CO; and humidity inside the chamber. (b) The set-up for the RH calibration (RH>50%) of
FOS by using environmental chamber. (c) The set-up for the measurement of breath CO; and

RH by using FOS.

An alternative set-up used to measure response time replaces the gas chamber
with a Tedlar bag (2 litres, Sigma-Aldrich, UK) which was filled with the CO; gas with

concentration ~6% into which the FOS was inserted and removed.

7.3 Fibre-optic sensor (FOS) for the CO, measurement
7.3.1Experimental procedure

The prepared sensor is calibrated using the set-up shown in Fig 7.2a. The chamber is
initially filled up with 100 % N>, and then the concentration of CO; is gradually built
up in the chamber from 0 up to 6% by controlling the CO, gas flow. The reflection
spectrum of FOS and the reading from CO, datalogger are recorded simultaneously

for all the tests.

For the RH cross-sensitivity test, the CO, and RH level inside the chamber (Fig 7.2)
was initially brought down close to zero by filling up the chamber with dry N, and
then flowing distilled water bubbled N; into the chamber to gradually increase the
RH level step by step and maintain the CO; at an undetectable level (<20 ppm). For
investigating the effect of RH to the interaction of CO, with sensitive film, the
humidity level in the chamber is brought down to zero again with dry N, and then
the chamber is filled up with about 6% of CO,, and continuously flowing distilled
water. CO; is bubbled into the chamber to increase the RH level and maintain the

concentration of CO; at a stable value (~6%).

For evaluating temperature effect on the FOS in response to CO, the FOS and the
CO; data logger are placed inside the gas chamber that is initially filled with~6% CO,.
The chamber is then put into an oven with temperature programmed to increase
from 25 to 40 °C (this range of temperature covers both ambient and physiological

temperature of the human body).

The response/recovery time test of the FOS to CO; is conducted by inserting the tip

of the sensor into a Tedlar bag which is filled with 6% of CO», waiting until the signal
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saturates and then removing the sensor back to ambient. The process is repeated for

three times for achieving the average value.

7.3.2 Results and discussion

7.3.2.1 FOS fabricated with sol-gel film
7.3.2.1.1 Characterisation of FOS

Fig 7.3a shows an SEM image of the optical fibre tip with four layers of dip-coated
film. It confirms that the film is successfully deposited on the tip of the optical fibre
with a film thickness of approximately 2.7 + 0.1um. The reflected intensity at 608 nm
decreases as each layer is deposited (Fig 7.3b) due to the higher absorption value
caused by the thick film based on Lambert’s law. A single dip coating is observed to
have lower absorption value due to the thinner film. This is not suitable for the
application as insufficient colour change is produced after interacting with CO». The
absorption spectra of the FOS under CO; free (100% N3) and 5% CO; are illustrated in
Fig 7.3c. Two absorption peaks appear at wavelengths of 450 nm and 608 nm and the
two peaks respond oppositely to the change of CO, concentration; the peak at 608
nm undergoes a decrease in the absorbance value at 5% CO; and the peak at 481 nm
increases its absorbance value at 5% CO; atmosphere. Because the change of
absorbance at wavelength of 608 nm is bigger than the wavelength of 481 nm, the
wavelength of 608nm is therefore used for the measurement of CO,. As the reflection
is correlated to the absorbance in Eq 7.7, the reflection value of 608 nm is then used
as the optical signal for the CO, measurement. The reflection value of 481 nm can be
used for self-reference. The signal using the difference in the reflection value of the
two wavelengths or the ratio of the reflection value would be beneficial for the
measurement as they would provide a higher sensitivity to CO, than signal

wavelength due to the opposite change between the two wavelengths.
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Fig 7.3 (a) SEM of the 4-layer dried film on the tip of optical fibre; the average film thickness
measured at 10 different positions on the film in the inset is 2.78 + 0.1um. (b) Reflection
spectrum of FOS for 0 layer, 1 layer, 3 layers and 4 layers coating after drying. (c) Absorption

spectra of FOS under N; and CO; atmosphere; FOS was coated with 4 layers and dried in air

for 24 hours. The absorbance value is calculated as Eq 7.7.

7.3.2.1.2 CO; sensor response and repeatability

Fig 7.4a shows a typical step response of the FOS (prepared using a thymol blue
concentration of 4.2 mg/mL) to the concentration of CO that was measured using
the set-up shown in Fig 7.2a. The reflection intensity (at 608 nm) changes in
accordance with the change of CO; concentration from the commercial CO;
datalogger. The reflection of the FOS increases (absorbance decrease) with
increasing CO; concentration from 0-60000 ppm (6%). RH in the measurement
chamber remains stable at a level of 13 £ 1 % during the measurement of CO,. The
reflection value decreases as the CO; concentration decreases and the FOS exhibits
a repeatable and reversible response as illustrated in Fig 7.4b. The reversibility of the
sensor is determined by the equilibrium in Eq 7.3, in which a decrease of CO;
concentration around the FOS causes a left-side shift of the equilibrium. And as a
result, the number of protonated thymol blue is reduced. Fig 7.4c shows the

reflection value of 481 nm response to the concentration of CO;. It shows a step
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decrease in the reflection value as the concentration of CO; increases step-by-step,
which is an opposite change to the wavelength of 608nm. The reflection value of the
two wavelengths is related to the CO; concentration via a polynomial as shown in Fig
7.4d. The wavelength of 608 nm demonstrates a higher sensitivity to CO; than that
of 481 nm. The FOS has a response time of 19 s when the FOS was exposed to a 6%
of CO; atmosphere from ambient air (~400 ppm) and a recovery time of 170 s when
the sensor is exposed to ambient air (Fig 7.4e). This indicates that the affinity for the
backward reaction of the equilibrium in Eq 7.3 is lower than it is for the forward
reaction. Fig 7.4f shows the sensor response to CO; by using the ratio of the reflection
value of the two wavelengths (608 nm against 481 nm). The use of the ratio may
potentially overcome the drifting of the optical signal caused by the light source or
the change of the baseline signal caused by the massive bending of the optical fibre

in the real world application.
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Fig 7.4 (a) Response of FOS (608nm) to different concentrations of CO,. CO, reading was
achieved from a commercial CO, datalogger. (b) Reversibility of FOS (608nm) to the
concentration of CO,. (c) The reflection value of 481 nm response to the concentration of
COs,. (d) Polynomial fitting of reflection value of FOS to the concentration of CO,. Each point
of the reflection value represents the average value of each stabilised step in (a)(c), the error
bar is smaller than the marker size. (e) The response time measurement of FOS (608nm) for
6% CO,. The response time and recovery time are calculated as the time between the signal
change between 10% and 90%. (f) The ratio of the reflection value of the two wavelengths

response to the concentration of CO,.

7.3.2.1.3 Effect of dye concentration on sensitivity

Different concentrations of deprotonated dyes that are present in the Ormosil film
provide different absorption values of the FOS. Fig 7.5 shows the response of FOS
prepared from 5 different concentrations of thymol blue coating solution in response
to different concentrations of CO,. The result demonstrates that different
concentrations of dye in the film will render different sensitivity that correlates well
with the previously published reports on a different dye compound [20]. The
sensitivity initially undergoes an increase and then a decrease with increasing dye
concentration. The highest sensitivity is achieved with the concentration of 2.9
mg/mL. It reduces to almost half after the concentration further increases. The

concentration-dependent sensitivity may be explained by the limited solubility of the
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COzin thessilica film. When the concentration of the thymol blue is above the optimal
point, the excess of dye forms more hydrate molecules that reduces the permeability
of CO; inside of the film. In this case, the CO; likely reacts only to outer layer of the
film and reduces the sensitivity. The sensitivity in 4.2 mg/mL exhibits a slightly higher
than that of 3.6 mg/mL, the reason of that remains unclear and one hypothesis is
that the higher concentration of the thymol blue causes cracking in the silica film due

to the limited dye solubility leading to higher gas permeability.
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Fig 7.5 Reflection change at a wavelength of 608 nm against the concentration of CO; for

different concentrations of thymol blue. Error bars are smaller than the marker size.

The selected dye, thymol blue has a pK, =8.9 which changes its colour for sensing of
CO; as a result of pH change. The previous study has demonstrated that pH dyes
whose pKa is 7-9 are suitable for the CO; fibre-optic sensor [68]. It also demonstrated
that the sensitivity of the dyes does not depend on the type of the dye if their pK,

value is within 7-9.

7.3.2.1.4 Effect of temperature on sensor response

The dissolution of CO; in the coated film (Eq 7.2) obeys Henry’s gas law, which defines
the solubility of CO; in water according to the partial pressure of gaseous CO,. As
Henry’s law constant is a temperature and pressure dependent parameter, it renders

different CO; solubility at different temperature [298]. Besides, the dissociation
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constant of carbonic acid in Eq 7.3 is also temperature dependent [299], it increases
with the increase of temperature below 100 °C [300]. Consequently, it may also
affect the pH value (high temperature leads to low pH) and the measurement of CO..
The temperature effect of the FOS to the measurement of CO; is therefore
investigated. Fig 7.6 illustrates the reflection signal of FOS at ~6% of CO, with
increasing of temperature from 25 °C up to 40 °C that is within the operating
temperature range of the CO; datalogger(0-50 °C). During the measurement, the
temperature that is read out from the datalogger linearly increases and reflection
signal of FOS exhibits a gradual decrease. The small reduction in the reflection
attributes to the decline of the CO; concentration that is caused by the imperfect
sealing of the chamber. This change in CO; is also seen in the datalogger. Therefore,

the CO; reading can be considered immune from temperature effect at 25 -40 °C.
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Fig 7.6 Reflection value of FOS in 6% CO, as temperature increases.

7.3.2.1.5 Effect of humidity on sensor response

The reflection value increases because of the protonation of thymol blue during the
measurement of CO,. Humidity or water molecules containing protons may have the
same protonation effect on the sensor. Moreover, the humidity existing in the CO;
atmosphere may have either a positive or adverse effect during the sensing of CO;
depending on the pore size of the matrix film. The external water molecules existing

in the pores of the Ormosil film may help to dissolve more CO, (promoting the
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reaction in Eq 7.3) due to the interaction of CO; with water molecules if the pore
sizes are large enough to allow both humidity and CO; to travel freely without
constraint. On the other hand, the water molecules could adsorb on the silica layer
and block the transition of gas-phase CO; (aq) from outside of film into CO (aq) inside
of the film (Eq 7.2). The effect of RH on the sensor response was therefore
investigated. Fig 7.7 illustrates the reflection signal change with increasing RH level
in the chamber (set-up in Fig 7.2a) without and with CO, present. It shows that the
reflection increases while increasing the RH level from 0 to 30 % as the water
molecules protonate the thymol blue. The reflection value remains stable while the
RH concentration rises to 62 %. The magnitude of the change of reflection signal is
9.5 % which is equivalent to the CO. concentration of 1855 ppm based on its
correlation in Fig 7.7c. This is probably due to the saturation of humidity inside of the
pore of the film above 30% RH. This protonation caused by water molecule is
reversible, the reflection intensity drops as the RH decreases as illustrated in Fig 7.7a
(~110 mins). The following sudden increase of reflection value is due to the infusion

of CO..

The CO; permeates into the Ormosil film and interacts with the dye-ion pair
producing the reflection signal change. The sensitivity of such a sensor depends on
the permeability of CO, to the Ormosil film. Water molecules have higher
permeability and diffusion rate in the Ormosil film [301] that may reduce the
permeability of CO; due to selective absorption by the silanol group (Si-OH) of the
Ormosil film and a blocking effect to the pore gas channel. This effect highly depends
on the pore size of film, the drying condition of the film and gas pressure [302]. A
high temperature (200 °C) annealing process can significantly reduce the number of
silanol groups, but such high temperature will degrade the base catalyst (TMAH)
resulting in insensitivity to CO, [68]. A decrease of reflection value at 6 % of CO, while
increasing the RH concentration (up to 50 %) is observed confirming the blocking of
humidity to the permeability of CO, (Fig 7.7a and Fig 7.7b). The magnitude of the

signal change would cause a percent error of ~¥30% according to the graph in Fig 7.7c.
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Fig 7.7 (a) The influence of relative humidity to the reflection value of FOS (at 806 nm) at
100% N, (up to ~110 mins) and 6% CO, atmosphere (after 110 mins). (b) Change of reflection
signal against the relative humidity at the two atmospheres; this graph is derived from (a).

(c) The correlation of the change of R to the concentration of CO..

7.3.2.1.6  FOS stability
7.3.2.1.6.1 Sensor Longevity

The sensing film will gradually become less sensitive because of the degradation of
base catalyst (TMAH) due to thermal degradation or the chemical attack of air to the
film. Previous research has demonstrated that this occurs after approximately one
week [69, 70]. It is therefore important to investigate methods of extending the
lifetime of such films so that they can find practical application. Fig 7.8 shows the
reflection value of two FOS during storage in N, (CO2 and humidity free) and ambient
air atmosphere, respectively. The reflected intensity of the sensor stored in ambient
air gradually increases and most absorption is lost after 10 days after which
sensitivity to CO; is lost. The FOS stored in N, exhibits a relatively stable reflection

value compared to air storage and provides an extended lifetime.
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Fig 7.8 Reflection value of FOS for consecutive days under N, and air storage condition.

7.3.2.1.6.2 Sensor Photobleaching

The photostability of the dyes is of crucial importance for the accurate measurement
of CO,, especially for long-term monitoring. It is an important property in
determination of a dye for sensor application as photobleaching leads to an
irreversible loss of absorbance, which limits the statistical accuracy of the detection
[131]. On the other hand, the input power needs to be carefully selected which
should have a satisfactory signal-to-noise ratio and an optical power that does not
produce bleaching effect. Fig 7.9 illustrates the normalised reflection value of the
FOS under different illumination power. The optical power is directly measured from
the tip of optical fibre without the film present by using an optical power meter
(PM100, Thorlabs). It is clear that the stability of the intensity signal is affected by the
input optical power. Higher power induces a higher bleaching rate and as a result a
higher slope of drifting of the signal. However, it remains stable at a power of about

400 nW during the 1-hour measurement.
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Fig 7.9 Reflection intensity of FOS against time during 1-hour measurement with different

input optical power; the power represents optical power at wavelength of 608 nm.

Regarding sensor applications, low-power illumination should be chosen to ensure
the stability of optical signals. In addition, the absence of photobleaching avoids the
decay of lifespan caused by irreversible bleaching of the sensitive dyes. Besides, the
illumination can also only be switched on when required as a point measurement
instead of continuous illumination. As the sensor measures at a single wavelength,
the broadband wavelength light source in the experiment can be replaced by a small
single wavelength of LED, which reduces the overall optical power without reduction

of signal strength.

The reported sensor suffers cross-sensitivity to the RH, and the presence of RH
disturbs the measurement of CO; as a result of the blocking effect to CO, diffusion.
Such a sensor can be applied for the measurement of CO; in a scenario where the RH
level is relatively stable. For the breathing CO, measurements, due to the presence
of high RH, the sensor cannot be applied without the pre-treatment of breathing gas
to reduce the RH to ambient condition. Alternative ways have been attempted to
address the issue of RH by replacing the silica matrix film with hydrophobic ethyl

cellulose (EC) film and by the combination this sensor with the FPI technique.
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7.3.2.2 FOS fabricated with ethyl cellulose film
7.3.2.2.1 Characterization of FOS

Ethyl cellulose (EC) is a water-immiscible polymer that has been previously reported
to be used for the preparation of a colourimetric plastic film on a glass substrate for
the sensing of CO; [296]. The matrix film is formed in combination of tributyl
phosphate which is a plasticising agent that coalesces the chain polymers into a
network structure [303]. The SEM image of the film is illustrated in Fig 7.10a which
shows visible pores on the surface of film (that is not seen in a silica sol-gel film). Fig
7.10b shows the absorption spectrum during exposure of the FOS to 100 % N and
5 % CO.. It exhibits a decrease in absorbance value of 608 nm and an increase in
absorbance of 480 nm in response to CO», which is same trend as that of sol-gel film
(Fig 7.3c) due to the same dye. Again, the same reflection value of the wavelength

(608 nm) as in the previous section (7.3.2.1) is used to monitor CO,.

I lpm NMRC 11/10/2017

x12,000 vacc=15.0kV Detector=LED WD=10 .0mm FOV=10pmx8pum FPC=8

(a)

183 | Page



1.2 —— 100% N,
— 5% CO,

1.01
0.8-.
0.6-.
0.4
0.2-

Absorbance (a.u.)

0.0

400 500 600 700 800 900
Wavelength (nm)

(b)

Fig 7.10 (a) SEM of the EC film; Scale bar= 1 um. (b) Absorption spectrum of FOS in 100% N,
and 5% CO..

7.3.2.2.2 CO;sensor response

The reflection value of the sensor related to the concentration of COz is illustrated in
Fig 7.11a, and the response correlation curve is plotted as Fig 7.11b in comparison of
the FOS that was prepared with the sol-gel film. It appears that the sensor with EC
film obtains a higher sensitivity than that of sol-gel silica film, which can be attributed
to the higher gas permeability of EC film due to the large pore size. The higher
sensitivity, on the other hand, limits the detection range of CO, and it shows
saturation at ~6 % of CO; (reflection value close to 100 %). Fig 7.12 shows the
reflection signal of FOS when it is repeatedly exposed to 6 % of CO, from ambient air
(CO; concentration of ~400 ppm). The response time (T10-90%) is then calculated as
10.6 £ 0.6 s, and recovery time (Too-10%) is 328.8 + 2.5 s based on the three times

measurement.
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Fig 7.11 (a) Dynamic change of reflection value as the change of CO, concentration. (b) CO;
response of FOS prepared with two different matrix film. Error bars are smaller than the

marker size.
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Fig 7.12 Repeatability test of the FOS for 6% of CO,; the sensor was alternately exposed to
6% of CO, and air. Response time and recovery time are defined as time between 10% and

90% of signal change.

7.3.2.2.3 Effect of temperature and relative humidity

Interestingly, the FOS made with EC film is very susceptible to temperature. As
illustrated in Fig 7.13b, the reflection value reversibly responds to the change of
temperature; it decreases as temperature increases. This can probably be attributed
to the thermal expansion of the plastic polymer film. The reflection spectrum is
shown in Fig 7.13a at two different temperatures. The weak fringes that appear in
the reflection spectrum is caused by interference of light between the reflected light
from the two interfaces of the film. The thickness of the film can be calculated as
Eqg 7.5 provided the refractive index of the film is known. The shift of the wavelength
at the two temperatures can be attributed to the slight change of the property of the

film, either the change of Rl or change of cavity length, or both.
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Fig 7.13 (a) Reflection spectrum of FOS at temperature of 27 °C and 36 °C, respectively. (b)

Reflection value of FOS changes with temperature.

As explained previously, a water molecule works as a proton donor that alters the
protonation status of the dye. Consequently, the reflection value of FOS increases as
RH increases. The FOS exhibits the similar behaviour in response to RH but is less
tolerant to humidity above 60%, in which reflection intensity drops due to lower
reflectivity induced by accumulation of humidity inside of the film. (illustrated in Fig

7.14)
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atmosphere

7.3.2.2.4 FOS stability
The longevity of such a sensor is approximately 4-7 days (illustrated in Fig 7.15),
after which the absorbance value of around 600 nm is weak resulting in a very small

signal change to CO;.
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Fig 7.15 Reflection value of FOS of each day while stored in ambient air.

/.3.2.3 Comparison of two sensors

Table 7.1 lists the characteristics of the FOSs that are prepared with two different
matrix films. The sensor with EC film exhibits a higher sensitivity (~50% of reflection
change for 5% of CO3) and shorter response time (10s) than that of the sol-gel film
(~30% and 19s, respectively). The short response time can be attributed to the lower
diffusion time of gas induced by large pore size of the polymer film. Nevertheless, it
exhibits an even longer recovery time. Both sensors suffer from a short lifetime and
the one with silica film has a relatively longer lifetime (~10 days) than that of polymer
film (~4-7 days) when stored in ambient air. Due to the elastic property of the EC film,
it is susceptible to temperature change, which is not observed in the rigid sol-gel film.
Besides, it is less tolerant to RH, especially in the high level (>60 %) as the
accumulation of humidity causes an increase of Rl and reduces the reflectivity of light
from the film-air interface. Most biomedical applications target CO; at a
concentration of ~40 mmHg (5%) [51] [57], both sensors cover the detection range.
However, the sensor with the polymer film suffers from thermal effect and poor
humidity resistance. The sensor with the sol-gel film has a good thermal resistance
and a better humidity tolerance but will require a stable RH operation atmosphere

for the accurate measurement of CO; due to the blocking effect.

Table 7.1 Comparison of two FOS prepared with different matrix film.

189 | Page



Longevity
FOS prepared Change of | Response time | Recovery time
when store
with matrix of R/ 5% CO, (s) (s)
in air
Polymer film 50 % 10.6 £ 0.6 328.8+2.5 ~ 4-7 days
(EC)
Sol-gel film 30% 19+1.6 170+ 8.4 ~ 10 days

7.4 Fibre optic Fabry—Pérot interferometer (FPI) sensor
for the simultaneous measurement of CO, and RH
The biggest issue so far for the fabricated FOS to be applied for measuring of CO;
from breath is the effect of RH. The measurement of RH would allow the subtraction
of such an effect mathematically via the processing of the data with the correlation
of RH. The tip based colourimetric sensor reported above can be made as an FPI
sensor by carefully control the thickness of the film. The FPI sensor is very sensitive
to Rl change of the film and this means that it has the potential to be used for sensing
of RH. The unreacted silanol group inside the silica film prepared via the sol-gel

method would naturally act as functional groups for sensing of RH.

7.4.1 Experiment procedure

The calibration of the FPI sensor is done with the same protocol as described above
in section 7.3.1. For the signal processing, the average reflection value of the
wavelength between 596 nm to 617 nm (peak-to-peak), corresponding to the
absorption band of the thymol blue, was utilised as the optical signal for calibration
with the commercial datalogger. The CO, calibration curve was achieved by
averaging the optical signal during the stabilised period (the last 5 mins of each step)
against the average concentration of CO; achieved from the CO, datalogger in the

same period.

The RH calibration is done separately with two set-ups for the different range of RH.

For the RH concentration below 80%, the RH level is set by flowing the distilled water
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bubbled with N; into the test chamber as described in 7.3.1. For the RH above 80%,
an environmental chamber was used by programming the environmental chamber
with the RH setting up from 50% to 100%. The wavelength of the interference peak
was used to calibrate the RH level by comparing the central wavelength with the RH

reading from the commercial RH datalogger.

For investigating the effect of RH on the CO, reading of the FPI sensor, a calibrated
FPI sensor is sequentially exposed to ~6% of CO; (the maximum concentration of the
CO; gas from the cylinder) at different RH level from ambient condition (0.08 % CO,,
40% RH). The gas chamber is initially filled up with ~6% of CO, and the different RH
level inside of the chamber is generated by simply flowing water bubbled with CO;
into the chamber (set-up illustrated in Fig 7.2a). The CO; concentration inside the

chamber is maintained at about ~6% by controlling the flow of CO; into the chamber.

The effects of temperature upon the FPI sensor was investigated by setting the RH of
environment chamber (Fig 7.2b) to a constant RH value of 50% and continuously
varying the temperature from 25 °C to 40 °C which covers the ambient room

temperature (25%) to the physiological temperature (37 °C).

CO; response time measurement was conducted by filling up the gas chamber in Fig
7.2a with~6% CO,, inserting the prepared sensor into the chamber and waiting until
the optical signal is stabilised (approximately 10 mins). The cap of the chamber is
then opened to release the CO. concentration back to ambient condition. For
creating a high level of humidified environment, 50 mL of distilled water was poured
into a petri dish and placed inside of chamber until the RH level inside of the chamber
is stabilised (approximately 1 hour). The same insertion and open cap process are

repeated to obtain the RH response time.

7.4.2 Results and discussion

7.4.2.1 Characteristic of sensor

Fig 7.16a shows the absorption spectrum after each coating cycle on the tip of the
optical fibre. The absorption window, corresponding to the absorption band of
thymol blue, appears between 450 to 700 nm caused by the deprotonated form of

dye (thymol blue) and interference fringes appear in each spectrum. The absorption
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value increases after each coating cycle due to the increased thickness based on the
Lambert-Beer law. The number of fringes increases after each layer coating as a result
of the increase of cavity length (thickness of the film). The visibility of fringes
decreases at the fourth layer and the fringes disappear after a further increase of the
coating cycle as the thickness increases beyond the coherence length of the light
source. Multiple coating cycles provide thicker films with more dyes encapsulated
resulting in a higher absorbance value and measurable colour change after exposure
to CO,. Most importantly, the thicker film provides better lifespan than that of the
thin film as demonstrated in later content (Fig 7.22). Three layers are used in this
work as the film has sufficient absorption value as well as good visibility of fringes.
The RI of sensing film after drying is measured as 1.501 + 0.02 via ellipsometer and
the thickness is calculated as 5.83 + 0.09 um from the Eq 7.4 compared to 5.95 um
which is the thickness measured with SEM in Fig 7.16b. The calculated thickness

agrees well with the value measured using SEM.
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Fig 7.16 (a) Absorption spectrum of FPI after the n'" layer coating (n=1, 2, 3, 4); each spectrum
is taken after 2 mins of each coating. (b) SEM image of three layers sensing film after dry in
N, for 1 day on the tip of the optical fibre; the coated film is pointed between two black
arrows and the thickness is measured about 5.95 um (scale bar =5um). (c) Reflection spectra
of 3 different FPI sensors coated with three layers; the spectrum is recorded after 2 mins of

the coating. The spectra of three sensors fabricated independently are illustrated.
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The coating thickness of such film depends on the withdrawing speed of the dip
coating process and the viscosity of coating solution [304]. By carefully controlling
the reaction condition of the sol-gel process and dip coating process, the sensor can
be fabricated in a repeatable manner. Fig 7.16c shows the reflection spectrum of
three fabricated FPI sensors demonstrating the repeatability of the manufacturing

process.

7.4.2.2 CO, measurement by using FPI sensor

The absorption value caused by the deprotonated dye exhibits a decrease after the
wet film is stabilised and dried in N; as a result of degradation of the base catalyst
during drying. The RH level during the CO, test was kept stable at 19 +1.9%. Fig 7.17a
illustrates that the intensity of the wavelength located at absorption window
increase after exposure to CO; as a result of protonation of the dye in Eq 7.3. In this
case, the colour of the film turns from blue (deprotonated status) towards yellow
(protonated status). The position of the interference fringes remains unchanged
during the test indicating no cross-talk between the fringe position and the
concentration of CO,. The average reflection value of the selected wavelengths (596
- 617 nm) is extracted to compare with the CO; reading from commercial datalogger
as shown in Fig 7.17b. The change of the reflection value follows the change of CO;
concentration as the concentration goes up and down demonstrating the
reversibility of the FPI sensor in response to the decrease of CO, concentration. The
reflection value exhibits a polynomial relationship to the concentration of CO;
(shown in Fig 7.17c). Hysteresis is observed for the reverse trace, which is likely
caused by incomplete releasing of CO, during the recording time as it is a slow
process. Fig 7.17d shows the sensor response after exposing the FPI sensor from
ambient (0.06 %) into a 5.4 % of CO, atmosphere. The response time (tio%-90%) and
recovery time (toox-10%) is calculated as 98 s and 418 s, respectively. The sensor
exhibits a longer recovery time than the commercial datalogger due to the low
equilibrate time of the chemical reaction. The FPI sensor was inserted into the CO;
chamber and it is immediately exposed to CO; atmosphere so that the calculated
response time is considered as the sensor response time. The sensor recovery time

was achieved by opening the chamber cap and allowing the CO; to diffuse into air
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and be diluted. As the CO; has higher gravity than the other gases in air, it tends to
diffuse slowly and therefore the recovery time of FPI sensor is considered including

the CO; diffusion time.
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Fig 7.17 (a) Reflection spectrum of FPIin 100 % N, and 5.7 % CO. (b) The signal response of
FPlin comparison of the CO; reading from commercial datalogger against time. The intensity
value is taken as average reflection value between wavelengths of 596 — 617nm. (c) The
polynomial fitting of the data; each point is achieved by taking the average value of each
stabilised step in (b) and error bar is smaller than the marker size; the forward trace is the
optical signal when gradually raising the CO, concentration and reverse trace is the signal
when the CO; concentration gradually decrease. (d) Response time test of FPI; the FPI was
inserted into the chamber where the CO; is 5.4% at about 152s and open the cap to release
CO, at about 612s. (e) The correlation of the change of the reflection value to the

concentration of CO,. Error bar is less than marker size.

7.4.2.3 RH measurement by using FPI sensor

The concentration of CO, was kept under the LOD of the commercial datalogger (<
20 ppm) during the RH test, thus the test environment can be treated as CO; free.
The interference fringes undergo a redshift after exposure to a higher level of RH
(from about 10 % to 80 %), and the reflection value of the absorption window does
not show an obvious change in its amplitude as illustrated in the reflection spectrum
in Fig 7.18a. The average reflection value of the selected wavelengths (596-617 nm)
is tracked to evaluate the humidity cross-sensitivity for the CO; sensing. The selected

wavelengths are defined as one interference waveform (peak-to-peak) and the
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average reflection value is considered insusceptible to the shift of the wavelength.
Fig 7.18b shows the reflection value under different humidity levels between 10 % to
80 %. The reflection value maintains relatively stable during the test. The reflection
slightly increases as the concentration goes from 10 % to 65 %, this is due to the
protonation of water molecules to alkalic thymol blue. The maximum increased
reflection value with a magnitude change of ~1.8 % caused by 65 % of RH is
equivalent to a CO; concentration of 232 ppm according to the CO; response in Fig
7.17e. The small drop of the intensity when RH is above 70 % (at about 85 mins) is
caused by the decrease of reflectivity of light due to the higher Rl value induced by
higher RH. Thus, this relatively stable reflection value ensures the sensor has a
negligible cross sensitivity to RH. Each peak of interference fringes can be treated to
bear the same magnitude of the shift of wavelength. The wavelength of the highest
peak in the absorption spectrum (initial position: 596 nm) is tracked to indicate the
RH change in comparison of the reading from the commercial datalogger. As
illustrated in Fig 7.18c, the position of the peak change corresponds to the change of
RH. The peak position shifts to a higher wavelength as RH increases. The wavelength
of the peak shows a linear regression to the level of RH with a sensitivity of 0.14
nm/%RH (Fig 7.18d). Fig 7.18e demonstrates the RH measurement in the range of
50-90 % in the environmental chamber (illustrated in Fig 7.2b). The wavelength shift
of FPI sensor shows good agreement with the RH change inside of the environmental
chamber. The RH calibration curve is displayed in Fig 7.18f and the sensitivity for the
range of 50-90% matches to the sensitivity in the range of 0-80 %. The response and
reverse time of the sensor for the relative humidity from about 30% to 76 % are
calculated as 32 s and 56 s, respectively (Fig 7.18g). The faster response time of RH
than that of CO; attributes to the faster diffusion speed of water molecule inside of
porous silica film. As water molecule has small molecular weight than CO;, the
diffusion is then faster according to the Fick’s first law of diffusion and Knudsen

diffusion as explained in Eq 2.30, Chapter 2.
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Fig 7.18 (a) Reflection spectrum of FPI in different humidity level. (b) The average reflection
value of selected wavelengths (between 596 nm to 617 nm) under different humidity level.
(c) The central wavelength of the peak in comparison of the relative humidity reading from
commercial datalogger during the test. The data was achieved by using the set-up in Fig 7.2a.
(d) The fitting of central wavelength as a function of RH for the range from 0 to 80%. (e) The
central wavelength of FPI in comparison of RH inside of environmental chamber (Fig 7.2b).
(f) The linear fitting of central wavelength against the RH for the range from 50 % to 90%. (g)
Response time of FPI to RH; the sensor was inserted into the chamber with RH level of 76%
at the time of 220 s and the cap was opened at 478s to reduce the RH back to ambient level

(33%).

7.4.2.4 Temperature effect on the FPI sensor

The effect of temperature upon the FPl sensor was investigated following the
method described in 7.4.1.1. When temperature increases step-by-step from 25 °C
to 40 °C, the average reflection value in the selected wavelengths (596 — 617nm) of
the FPI sensor does not show a measurable change as illustrated in Fig 7.19a. The
wavelength of the interference fringes of the FPI in Fig 7.19b shifts in accordance
with the RH change; when the RH remains constant at different temperatures of
25°C, 35 °C, 40 °C, the wavelength remains constant too. Therefore, the temperature

effect in the range of 25-40 °C on the CO; and RH FPI is considered negligible.
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Fig 7.19 (a) Plot of the average reflection of the selected wavelength (between 596 nm to
617 nm) in comparison to RH and temperature change; (b) The wavelength of interference

fringes for the response of RH and temperature.
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7.4.2.5 The effect of RH on the CO; reading of FPI sensor

The previous section (7.3) has revealed an inhibition effect of RH on the CO;
measurement of FPI sensor due to the blocking effect of RH to CO;. The calibrated
FPl sensor prepared above was tested in a CO, atmosphere (~6 %) at different RH
levels. Fig 7.20b illustrates the consecutive CO, measurement of FPl sensor at
different RH values. The CO, measurement from the FPI sensor is interpreted from
the reflection value based on the calibration curve described in Fig 7.17e. It shows
that the CO; measurement of the FPI sensor in the different RH levels ranging from
20 % to 60 % remains almost the same (~6 %) which is the concentration of CO; filled
in the chamber according to the reading from the CO, datalogger. The maximum
percent error compared to the reading of datalogger in Fig 7.20b is about 9 %. This
indicates that the CO, measurement of FPI sensor is less interfered by RH, which is a
significant improvement compared to that of the result in Fig 7.7 (~30 %). The
improved immunity of RH for sensing of CO; is most likely attributed to the drying
process. The lack of water molecules in the pure N, atmosphere may have reduced
the number of unreacted silanol groups (Si-OH) inside of the silica matrix film and as
a result, the film becomes more hydrophobic (as explained in Fig 7.20a). The
interaction of the water molecule with the film becomes weak, and no clustered
water molecules formed on the mesoporous of the silica film so that the blocking
effect is eliminated. As the limitation of the set-up in the generation of very high RH,

the CO; measurement at very high RH, i.e. >90 %, is not done.
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Fig 7.20 (a) Schematic explanation of two films that are dried in two conditions, air and dry
N;;(b)The measurement of CO, by using FOS in different RH atmosphere; the concentration
of CO; inside of the chamber is maintained at its maximum of ~6 %. The FPI sensor was
alternately exposed to the CO, atmosphere and air by inserting in and pulling out the FPI

sensor from the chamber.

7.4.2.6  Stability of the CO, sensor

The Fig 7.21 illustrates the peak wavelength and the reflection value during the 1-
hour continuous recording in an N, atmosphere CO, at room temperature. The
reflection and central wavelength show stable signals under 1-hour continuous
illumination. Due to the decomposition of base catalyst (TMAH) inside of film and the
toxicity of air to the sensing film, the pH of the sensing film decreases gradually. As a
result, the sensor loses its capability for sensing of CO, within 15 days when exposing
the sensor to ambient air as illustrated in Fig 7.22. The absorbance value at a
wavelength around 608 nm gradually decreases to zero leading to the insensitivity of
COs. ltis clear that the longevity of the FPI sensor is thickness dependent, the thicker
of the film, the longer lifespan. One layer of coating exhibits a very short lifespan of
1 day after drying, two layers of coating are on the other hand has a longer lifespan

of about 10 days. Three layers coating shows an even longer lifespan of 15 days. As
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discussed in the previous, storing the sensor in an N, atmosphere can significantly

extend the lifespan of such sensors.
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Fig 7.21 The signal of FOS when exposed in a 100% N, atmosphere during 1-hour recording.
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Fig 7.22 Absorbance value as a function of time while storing in ambient air.

206 | Page



7.4.2.7 Comparison of the FPI sensor to FOS

Table 7.2 lists the critical parameters of the FPI sensor in comparison to the FOS
described in section 7.3.3.1. Despite the same composition in the coating material,
the FPI sensor exhibits a lower sensitivity (a reflection change of 18 % for 5 % of CO)
compared to the FOS (30 % of reflection change for 5 % of CO;). The response time
of the FPI sensor (98 s) is also much larger than the response time of the FOS (19 s).
This is probably attributed to the thicker film (~6 um compared to ~3 um) and less
porosity of the film after drying in N3, in which the absence of water molecule in N3
may induce a higher condensation ratio compared to when it is in air leading to a
denser film. The effect of water on the CO; sensing of the sensor is reduced. The false
signal generated by RH at a zero CO; atmosphere is 1.8 % that equals to 232 ppm of
CO,, which is less than that of the FOS (9.5 %, 1855 ppm equivalent) .The blocking
effect of RH to the interaction of CO; is much improved as the percent error for 6 %
of CO, down from about 30 % to less than 9 %. The most significant advantage of the

FPIl sensor compare to the FOS is the capability of directly measuring RH.

Table 7.2 Comparison of the FPI sensor to the FOS presented in 7.3.3.1

CO;
Change CO; Direct Percent error
Fibre Film equivalent
of Rfor | response measuring | for 6 % of CO;
Sensor | thickness from RH
5% CO, time of RH at 50-60% RH
(Max)
FOS 27201} 30% 19+1.6 1855 ppm N/A ~30 %
pm S
FPI 5.95 um 18 % 98s 232 ppm 0.14 <9%
nm/%RH
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7.5 The measurement of CO, and RH from human
breath

The above contents have introduced three FOSs for the CO2 measurement. The one
with EC matrix film has poor tolerance to temperature and RH change and cannot be
used for breath measurement. The second FOS suffers the blocking effect of RH to
CO; measurement, the percent error is too big (30 %) for measuring the CO; from
breath considering the fact that breath gas contains large amount of humidity
(>90 %). Therefore, the developed FPI sensor which measures the CO, with a percent

error of less than 9 % was applied for the breath gas measurement.

Fig 7.23 illustrates the simultaneous measurement of CO, and RH from human breath
by using the developed FPI based on the set-up in Fig 7.2c. Fig 7.23a and Fig 7.23b
demonstrate the measurement CO; and RH using the FPI during breathing in
comparison to the commercial datalogger, respectively. The datalogger shows that
the concentration of CO; inside of the Tedlar bag raises from about 0.08 % to 3.5 %
after breath and RH level increase from about 40 % to 60 %. The concentration for
both parameters is actually less than the normal breath level (5 % CO3, 90 % RH), this
is most likely caused by the dilution of breath gas into the Tedlar bag as it was sealed
approximately 100 to 400 mL of air for supporting the commercial sensor and FOS.
The measurement reading of CO2 and RH of the FOS is interpreted from the reflection
and wavelength of the fringe by using the calibration curve as described above in Fig
7.17e and Fig 7.18d. It makes a good agreement with the datalogger with a percent
error of 3.1 % for CO; and 2.2 % for RH. The signal of raising part for both commercial
datalogger and FOS includes the breathing process and the gas diffuse time into the

Tedlar bag.
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Fig 7.23 (a) The response of FOS for the CO, from human breath gas. (b) The response of
FOS for the RH from human breath gas.

The developed FPI exhibits a comparable performance with the commercial CO;

datalogger in determining the concentration of CO; and RH level from the breath
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sample. This is achieved with much smaller sensor size and it is probably the smallest
sensor that is capable of measuring both CO; and RH compared with the other type
of sensors that have been reported. This possesses a significant advantage of the FPI
for the application in a confined space. For example, a measurement in a sealed
environment where the FPI can be incorporated into a needle device without
breaking the seal. The FPI can be easily incorporated within a ventilation system for
supporting endotracheal intubation by detecting CO expelled from the lungs and
monitoring the RH delivered to patient from the ventilation system in the clinical
intensive care unit. Due to the long response time of FPI to CO; (98 s) compared with
the requirement for capnography (< 200 ms), it is difficult for the FPI to detect the
CO: from breath-to-breath fully. Therefore, the FPI sensor is ideally applied in an
application where the response time is less crucial, for example for monitoring the

transcutaneous CO..

7.6 Conclusion

Two reflection-mode optical fibre CO; sensors are fabricated by dip coating a film
that contains thymol blue and tetramethylammonia hydroxide doped inside (i) an
Ormosil and (ii) an EC film. The colourimetric sensor showed a decrease of absorption
value at wavelength of 608 nm when CO; concentration increases. The sensitivity of
the FOS depends on the concentration of deprotonated dye inside the film. An
optimal concentration of dye in the coating solution was found to be 2.9 mg/mL that
renders the FOS a sensitivity of about 30 % of reflection change per 5 % CO.. The
sensor shows a gradual reduction in reflection value with each day after they were
fabricated. The sensor fabricated with Ormosil film has less sensitivity than that of
EC film but with a better tolerance to humidity and temperature and a faster sensor
recovery time. Its longevity is completely lost after 10 days when stored in ambient
air. This can be significantly improved by storing the sensor in pure N; in which the
sensor showed a relatively stable reflectivity and an extended shelf life (more than
15 days). The sensor is immune to temperature change (25 °C to 40 °C.) but cross-
sensitive to RH with a maximum signal change that is equivalent to a CO; reading of

1855 ppm for RH £ 65 %. The interaction of CO; with the sensor is also subject to the
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blocking effect from RH which produces a percent error of ~30 % while measuring 6 %

of COz in an atmosphere with RH about 50 %.

A novel FPI sensor for simultaneously measuring CO; and RH is presented. It is
fabricated by controlling the thickness of the film via the dip coating process
(controlling the withdrawing speed). The reflection value located in the absorption
window of the deprotonated dye exhibits a reversible response to the concentration
of CO; in the detection range of 0-6 %. The interference fringes of the FPI showed a
linear response to RH with a sensitivity of 0.14 nm/%RH for the range between 0 to
90 %. The sensor demonstrates no cross-sensitivity to temperature between 25 °C to
40 °C. Due to the improved drying process from ambient atmosphere to dry N3
atmosphere, the CO, measurement of the FPI sensor exhibits a neglectable cross-talk
to RH (232 ppm equivalent) and a lower sensitivity to CO; (18 % of reflection change
per 5% CO;) compared to the FOS described above. The blocking effect of RH to CO»

is also found to be minimised with a percent error less than 9 % for 6 % of CO.

The FPI sensor is successfully applied for measuring the CO; and RH from the exhaled
breath sample with a comparable performance compared to the commercial
datalogger (a percent error to the reading of commercial datalogger is about 3 % for
CO,, 2.2 % for RH). Due to the long response time (98 s for CO;, 32 s for RH) and
recovery time (418 s for CO,, 56 s for RH), the FPI sensor is therefore not yet able to
replace IR methods for routine breath to breath monitoring in the operating theatre
or intensive care settings. However, the reported FPI is suitable for measuring the
CO; and RH in applications where the response time is less critical. This has the
potential of making a low-cost, portable and quantitative CO, sensor for the

supporting endotracheal intubation in the emergency medicine.
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Chapter 8 The simultaneous measurement of

COzand NHs3 using FOS

5.8 Introduction

This Chapter introduces the approach of using two colour dyes (thymol blue and
tetrakis-(-4-sulfophenyl) porphine (TSPP)) for simultaneous sensing of CO; and
ammonia (NHs). The research originally intended to combine the two dyes on the
same tip of an optical fibre, however, as they both operate at different pH range for
sensing of target gases they are not compatible in one matrix film. In this case, the
two dyes are doped inside of two separate films and coated individually on the two
tips of a 2x2 optical fibre coupler. The approach demonstrates the novelty of using
two dyes with different spectral properties for sensing of two analytes of interest
from one detector. The integrated spectrum contains the absorption peaks of the
two dyes which have no interference with each other at the selected wavelength.
The cross-sensitivity of each dye to the other analyte is evaluated and demonstrates
the ability to use this approach for the simultaneous measurement of the two

analytes (NHs and CO3) in one atmosphere.

5.9 Method
5.9.1Sensing mechanism

CO; sensing by using the dye, thymol blue, is explained in Chapter 7. Briefly, the

reaction is described as the following equation:
C0,+ H,0 = H,CO; = H" + HCO3 (8.1)

The dissolved CO; reacts with the water molecule (H;0) to form carbonic acid (H.CO3)
which partly dissociates to hydrogen ion (H*) and bicarbonate ion (HCOs’). The

hydrogen ion is the proton donor for the dye (thymol blue) that changes its colour.

The sensing of gaseous NH3 is determined by the TSPP which has intense absorption

bands (Soret bands) at around 420-480 nm and a weaker band (Q-band) in the region
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of 500-700 nm [305]. The exact absorption peak depends on the aggregated status
of molecules in the film [305]. The TSPP undergoes a molecular transform after
interaction with NHs as illustrated in Fig 8.1. The interaction between NH3 and TSPP
leads to the deprotonation of the TSPP pyrrole ring and the formation of ammonium
ions (NHs*). As a result, the deprotonation leads to the disruption of J-aggregation

and the absorption spectra is changed correspondingly (mainly at 470 and 706 nm)

[306, 307].
08 SO, 0,8 SO,
O Q exposure O

\ to NH, {
(7 —— + 2NH,
§ /

“0,8 SO, "0,8 O O SO,

H,TSPP* H,TSPP*

Fig 8.1 Schematic representation of the interaction between TSPP and NH3 [104].

There are two distinct wavelengths (600 nm and 511 nm) located separately at the
two absorption peaks of the two dyes (TSPP and alkalic thymol blue) in the integrated
absorption spectrum, in which the colour change of one dye does not affect the
intensity value of the other wavelength. The wavelength of 600 nm is from the
absorption of alkalic thymol blue and 511 nm is from the TSPP. Such spectral property
of the two dyes renders the multiple sensing for NH3 and CO,. The thymol blue and
TSPP are doped separately into a silica sol-gel film and EC polymer film and dip coated
on the two distal ends of optical fibre coupler, respectively. The thymol blue and the
phase transfer that is used for sensing of CO; are co-doped into Ormosil via the sol-
gel method as decribed in the previous Chapter (Chapter 7). The EC polymer film that
is used to encapsulate TSPP is formed via the coalescence of an EC polymer chain
with a plasticiser (tributyl phosphate) under heat treatment (the same matrix film as

introduced in Chapter 7).
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5.9.2Sensor characterisation

The sensor response for CO; and NH3; was conducted separately by using the same
experimental set-up shown in Fig 8.2. For measuring of CO,, the chamber is initially
filled with N2 gas (100 %) and then the concentration of CO; is gradually increased
step-by-step from 0 to 60 000 ppm via regulating the flow of CO; gas. Each step is
maintained for at least 5 mins to obtain a stabilised signal for each concentration.
The decrease of the concentration of CO; is conducted by flowing N2 into the
chamber. The reflection spectrum of the FOS is recorded simultaneously along with

the reading from the CO, datalogger.

The concentration of gaseous ammonia inside the chamber is regulated by adding
subsequently 2 mL of different concentrations of ammonium hydroxide (NH4OH)
solutions (100-1000 ppm) into the beaker inside the chamber. Each solution is
retained for 15 mins to reach equilibrium between the released NHs gas and the NH3
reservoir. The generation of NH3 from the ammonium hydroxide solution can be

explained as:
NH;(gas) = NH;(aq) (8.2)
NH;(aq) + H,0 = NH,OH = NH] + OH~ (8.3)

The process involves two equilibriums, the first one in Eq 8.2 reflects the release of
NHs from the solution into the air. And the second demonstrates the conversion of

NHs to NH4OH.

The NHs concentration inside the chamber after 15 mins is measured by using a
commercial ammonia colourimetric gas detection tube (Honeywell, UK). The
reversibility of the developed ammonia sensor is tested by adding 100 uL of HCI

solution into the container.

The intensity value of the wavelength at 600 nm and 511 nm of the reflection
spectrum are used for the response of CO, and NHs, respectively. The LOD is defined
as LOD=3 x §/S, where & is the standard deviation and S is the sensitivity of the sensor

derived from the calibration curve.
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5.9.3 Experiment set-up

The sensor characterisation was performed using the set-up in Fig 8.2. A halogen light
source (HL-2000, Ocean Optics, UK) is used to launch light into the optical fibre from
one arm of the coupler (2x2, 3dB, F-CPL-M22855, Newport, UK), and the reflected
light is detected from the another arm by using a CCD spectrometer (USB 2000,

Ocean Optics, UK) which is connected to a computer for post-processing.

The two tips were inserted into a test chamber (15cm (L) x13cm (W) x8cm (H)) which
has an input channel and output channel for gas infusion and expulsion respectively.
A commercial CO; data logger (K-33 BLG, CO, Meter, USA) was positioned inside the
chamber for calibration purposes. The concentration of CO; inside the chamber is

regulated by mixing N> and CO; gas.

A 20 mL glass beaker situates inside of the chamber as a reservoir for adding of the

NH4OH solution.

100% N,

B Computer 5% CO,

—

Halogen light
source

CCD
Spectrometer -

CO, datalogger, integrated with
~— humidity and temperature
sensor

FOS ,
Reservoir

Fig 8.2 Schematic set-up of the sensor calibration; the two tips of the FOS were coated with

two different films for sensing of CO2 and NHjs, respectively.
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5.10 Result and discussion

Fig 8.3a illustrates the absorbance spectrum of the two coated films, which is
measured from the tip of the optical fibre individually. The spectral property of
thymol blue in the sol-gel film is the same as described in the previous Chapter
(Chapter 7). The absorption spectrum of TSPP in the polymer film exhibits three
distinction absorption peaks at the wavelength of 420nm, 478nm and 705nm
respectively. The peaks are in accordance with the observation in previously
published work [141]. Additionally, there is a weak negative absorption peak at the
wavelength around 511nm that has not been reported previously by using the LBL
deposition techniques in [141], and it exhibits a response to NH3; concentration as
illustrated in Fig 8.6d. Since the spectral property of TSPP can be manipulated by the
interaction of the adjacent molecules [308], the negative absorption value is
probably due to the fluorescent emission of the TSPP induced by the special
arrangement of molecules in the polymer film. The reflection spectrum from two tips

of the FOS is illustrated in Fig 8.3b.
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Fig 8.3 (a) The absorption spectrum of TSPP doped into the polymer film and the thymol blue

doped into a sol-gel film; (b)The integrated reflection spectrum from the two tips of the FOS.

From Fig 8.3a, the TSPP has a distinct absorption peak of 705 nm from thymol blue
so that the intensity change at this wavelength in the reflection spectrum (illustrated
in Fig 8.3b) is attributed exclusively to the absorbance change of TSPP. The
absorption peak of thymol blue at 600 nm partially overlaps with the absorption of
the TSPP film. However, the intensity of this wavelength does not have a significant
change in response to NHs. Thus, the intensity change of this wavelength in the
reflection spectrum is considered to be a result of the absorption change of thymol

blue.

5.10.1 The measurement of CO>

Fig 8.4a illustrates the reflection spectrum of the FOS at N, and CO. (~5 %)
atmosphere. There is an increase in intensity in the region between 517 nm to 684
nm after the FOS is exposed into 5 % CO, compared with that of the N> atmosphere.
Such an increase is due to the colour transmission of thymol blue after interaction
with CO,. The intensity value around 700 nm and 500 nm, on the other hand, remains
unchanged indicating that there is no colour change of TSPP in the presence of CO..
The response of the dynamic intensity of the three wavelengths (511 nm, 600 nm
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and 705 nm) to the concentration of CO;is illustrated in Fig 8.4b. The intensity of 600
nm increases as the increase of the concentration of CO; while the intensity of the
705 nm and 511 nm show stable values. The intensity changes to the concentration
of CO; is illustrated in Fig 8.4c. The intensity of 600 nm has a higher magnitude
change at higher concentration of CO, with an increase of 4339 Counts ( equals to
~15 % of the intensity increase) in intensity for ~5 % of CO,. The intensity value fits

logarithmically to the concentration of CO; as illustrated in Fig 8.4d with R?= 0.981.
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Fig 8.4 (a) Reflection spectrum of the FOS at N, and CO; atmosphere. The NHs is considered
as atmospheric level (~0 ppm); (b)The intensity value of the wavelength of 600 nm and 705
nm responses to the concentration of CO3; (c) The change of intensity of the two wavelengths
as a function of CO; concentration; the error bars are smaller than the marker size; (d)The
intensity of the wavelength at 600 nm as a function of CO; concentration; the error bars are

smaller than the marker size.
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5.10.2 The measurement of NHs

As explained in Eq 8.1 and 8.2, the concentration of gaseous NHs inside of the
chamber is proportional to the concentration of the NHzin the solution according to
Henry’s gas law [309], the latter is determined by the concentration of NH4OH
solution. Its actual value corresponding to the concentration of ammonium

hydroxide is shown in Fig 8.5, which exhibits a linear correlation with a slope of ~0.2.
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Fig 8.5 NH3 gas in the chamber as a function of the concentration of NH4OH in solution; each

point in the graph is obtained from the reading of the colourimetric tube (right-hand side).

The response of the FOS to ammonia is illustrated in Fig 8.6. Its reflection spectrum
changes after exposing the sensor to the ammonia atmosphere (210 ppm) as a result
of the deprotonation effect caused by ammonia (Fig 8.6a). The wavelengths around
478 and 705 nm undergo an increase in their intensity while the wavelengths around
511 nm have a decrease. The different tendency of intensity change at the different
wavelengths agrees with the report in [141]. The dynamic intensity of the two
wavelengths (600 nm and 705 nm) for the response of NHs is illustrated in Fig 8.6b.
The intensity value of 705 nm increases at each concentration of NHs. It has a rapid
increase in the initial part after the solution is added and then gradual increase within
the observation time (15 mins). Such the pattern of intensity change is due to the
equilibrium between gaseous NH3 and NH4OH solution. And the signal demonstrates

incomplete reversibility with a decrease in intensity after removing the sensor back
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to atmospheric air. It is predictable that the sensor will lose the capability of sensing
NH3 after continuous exposure to a higher concentration of NHs. The intensity of
705 nm shows a linear correlation to the concentration of NHs as illustrated in Fig
8.6¢. On the other hand, the wavelength of 511 nm shows a decrease in intensity as
increasing the concentration of NHs. It shows a sensitivity of - 54 Counts/ppm which
is double that of the wavelength of 705 nm (26 Counts/ppm) for the detection of NHs.
The LOD of the two wavelengths is calculated as 4.3 and 9 ppm, respectively. Due to
the oppsoite change of the intensity of the two wavelengths in response to ammonia,
a ratio of two wavelenths (705 nm over 511 nm) is taken as the siginal for sensing of
ammonia that reveals a sensitivity of 0.003 /ppm and an LOD of 3.9 ppm. While
exposing the FOS into the HCl atmosphere, the vapour protonates the TSPP
compounds and reverses the signal for retrieving the ammonia sensing capability.
However, the intensity at 600 nm has a significant drop in intensity in the HCI
atmosphere. The reflection spectrum of the FOS before and after HCl exposure is
illustrated in Fig 8.6f. It is seen that the absorption band around 705 nm becomes
bigger due to the recovery by HCl. However, the wavelengths between 500 to 600
nm have a significant decrease. Such a decrease is caused by the blue shift of the
absorption band of the thymol blue induced by the low pH (<2). In this case, the
colour of thymol blue changes from blue to red. The individual reflection spectrum
of the thymol blue sol-gel film is illustrated in Fig 8.7g, in which the absorption band
shifts to a lower wavelength after exposure to HCl vapour indicating the intolerance

of such film to the acidic vapour.
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Fig 8.6 (a) Reflection spectrum of the FOS at 0 and 210 ppm of NHj3, (b) The intensity of the
two wavelengths at 600 and 705 nm in response to the concentration of ammonia; (c) The
ammonia response of the intensity at two wavelengths: 705 nm and 511 nm; (d) The change
of the intensity of different wavelengths to the concentration of ammonia; (e) The ammonia
response of ratio of the two wavelengths; (f) Reflection spectrum of the FOS before and after
exposure to HCI vapour; (g) Reflection spectrum of the thymol blue sol-gel film before and

after exposure to HCl vapour.

Fig 8.6d illustrates the intensity change of three wavelengths in response to the

concentration of NHsz gas. There is a negligible increase of the intensity at the
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wavelength of 600 nm, and the other two wavelengths show the opposite the

direction of intensity change.

The two dye compounds that are used for sensing of CO2 and NHs in the above
experiment are pH dependent. The CO; sensitive dye (thymol blue) can only work in
the presence of alkalic phase transfer as explained in Chapter 6. The NH; sensitive
dye (TSPP), however, can only work when the pH is neutral or acidic. Therefore, the
spectrum in Fig 8.3a which contains the absorption region for both NH3; and CO;
sensing cannot be obtained by doping the two dyes into one matrix film. In other
words, the combination of the two dyes into one matrix film for the simultaneous
measurement of CO, and NHsz cannot be achieved. Efforts have been made to
fabricate a hybrid film by depositing the two films with one on the top of the other
to the tip of the optical fibre. However, it is found that the two sensitive films are not
compatible to fabricate a hybrid film since one film does not survive in the other
coating solution due to different pH value. Therefore, the sensor configuration with
the two tips for each film is considered as the best design at this stage. Besides, such
a configuration can leave the CO; sensing tip out of the HCl vapour while regenerating

the ammonia sensor.

The sensing of CO; and NHs is a process of protonation and deprotonation of the
relevant dye. The CO; is an acidic gas, and it reacts with water forming carbonic acid
which is the proton donor. However, the majority of CO, (more than 99 %) in water
exists as the dissolved gas and less than 1 % as carbonic acid [310]. In the CO; sensing
film, the doping of alkaline phase transfer (TMAH) provides abundant hydrate
molecule due to the formation of ion-pair with the dye and the equilibrium in Eq 8.1
shifts to the right side, and as a result, more dissolved CO; is converted into carbonic
acid. Besides, the base doped in the film provides a higher pH that enhances the
solubility of CO; (as a result of the shift in the equilibrium). When it comes to the NH3
sensing film, the ambient water content is not enough to produce sufficient proton

to change the spectral property of the TSPP.

On the other hand, the NHs is an alkalic gas and acts as a proton receptor that
deprotonates the TSPP molecule. Its solubility is very low in a high pH value of water

medium due to inhibition of the dissociation of ammonia hydroxide in Eq 8.3. As a
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result, diffusion of NHs into the CO; sensitive film is very low leading to the non-

cross-sensitivity of NHs.

The FOS presented in this Chapter is to validate the idea of using two dyes (TSPP and
thymol blue) for the simultaneous measurement of two gases. The results
demonstrate the feasibility of the approach. The LOD of NHs is 4.3 ppm which is too
low for the breath gas analysis (in ppb level). Optimisation of the FOS can be
investigated in the future, i.e. the concentration of TSPP for the purpose to improve
the sensitivity of NHs. RH is also considered to be an issue as well and still needs to

be investigated.
5.11 Conclusion

A novel approach of using two sensitive dyes (TSPP and thymol blue) with differential
spectral property for simultaneously measuring of CO, and NHs is introduced. Due to
the incompatibility in pH of the two dyes for the sensing of the gases, the two dyes
are doped separately into a matrix film and dip coated on the two tips of the fibre
coupler which integrates the signal from two tips to one detector. The reflection
spectrum of the FOS contains the spectral information of the two dyes. The
wavelength of 600 nm in the spectrum shows a distinctive response to CO;
concentration as a result of the protonation of thymol blue. It exhibits a logarithmic
increase in intensity to the concentration of CO, with an intensity increase ~15 % in
response to ~5 % of CO, . Two wavelengths, 511 nm and 705 nm from the spectrum,
are found to be sensitive to NHz due to the deprotonation of the TSPP. The intensity
value of the two wavelengths exhibits an opposite change responding to the
concentration of NHs . The ratio of the two wavelengths ( 705 nm over 511 nm) shows
an linear response to the concentration of NHs with a sensitivity of 0.003 /ppm and
LOD of 3.9 ppm. Despite low sensitivity to NH3 for the application of breath gas
analysis, the FOS offers the opportunity of exploring applications where both gases

are required to be measured, for example, monitoring air quaility in industry.
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Chapter 9  The detection of carboxyl-fentanyl
using LPG functionalised with MIP

nanoparticles

9.1 Introduction

As introduced in Chapter 1, monitoring of fentanyl has significant impact for the drug
administration of patients in intensive care. A low-cost, portable and real-time
monitoring device would be beneficial. Molecularly imprinted polymer (MIP)
technology has bright future in the molecular diagnostic due to its ability to bind
small molecules and is an alternative to antibodies [311]. The advantage of MIPs over
traditional antibodies is their low cost and stability in ambient temperature [312].
Molecularly imprinting is defined as “the construction of ligand-selective recognition
sites in synthetic polymers where a template is employed in order to facilitate
recognition site formation during the covalent assembly of the bulk phase by a
polymerisation process, with removal of the template being necessary for
recognition to occur in the spaces vacated by the templating species’” [313]. The
process is schematically presented in Fig 9.1 where the template is mixed with the
polymerisation mixture and cured either thermally or by UV light resulting in an
insoluble matrix in which the template sites reside. The template is then removed
from the imprinted polymer by washing with a solvent or through a combination of
chemical treatments and washing steps, leaving behind binding sites that are both
spatially and chemically complementary to the template molecules. Therefore, the
template or its structural analogues may then be selectively rebound to the polymer
in the sites vacated by the template. The formation of reversible interactions
between the template and polymerizable functionality may involve one or more
chemical interactions as illustrated in Fig 9.1: (A) reversible covalent bond, (B)
covalently attached polymerizable binding groups that are activated for non-covalent
interaction by template cleavage, (C) electrostatic interaction, (D) hydrophobic or

van der Waals interaction and (E) coordination with a metal centre.
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Fig 9.1 A schematic representation of the molecular imprinting process [313].

This chapter describes an LPG-based biosensor that is functionalised with MIP
nanoparticles for the detection of carboxyl-fentanyl which is a modified fentanyl
structurelly similar to fentanyl (shown in Fig 9.2). The MIPs that are synthesised by a
group from the University of Leicester are successfully deposited on an LPG (grating
period: 111.5 um, grating length: 1.5cm) sensor surface via EDC/NHS linkers. A
second LPG sensor with a grating period of 110 um, length of 1.5 cm was inscribed
on the same fibre (1 cm away from the coated LPG) as a reference sensor for
compensating the temperature change during the carboxyl-fentanyl detection. The
LPG sensor is used for the detection of carboxyl-fentanyl in solution with a

concentration range from 0 ng/mL to 1000 ng/mL.

9.2 Method

9.2.1Sensing based on molecularly imprinted techniques

Fentanyl, whose chemical structure is shown in Fig 9.2, is imprinted by using a solid-
phase synthesis method described in [314]. Instead of having a polymer film, this
method produces synthesised polymer nanoparticles. These MIP nanoparticles
overcome the perceived drawbacks of the ground MIPs film, which includes binding
site heterogeneity [315] and leaching of the residual template from the polymer

[316]. In addition, nanoMIPs can be easily integrated with sensors. The fentanyl MIP
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nanoparticles are synthesised and provided by Sergey Piletsky’s group, University of
Leicester, UK. The nanoparticles have recognition cavities that will selectively bind

fentanyl or fentanyl analogues.

o, oy

Fig 9.2 Chemical structure of fentanyl (left) and carboxyl-fentanyl (right).

An LPG sensor that is surface coated with the fentanyl MIP detects carboxyl-fentanyl
molecules presented in the sample by detecting Rl change induced by the binding of

carboxyl-fentanyl to the LPG sensor.
9.2.2 Experimental procedure

Different concentrations of carboxyl-fentanyl solutions were prepared by dissolving
the carboxyl-fentanyl powder into a solvent that contains a mixture of methanol and
water in a ratio of 1:3 v/v with a concentration range from 0 to 1000 ng/mL. A bare
LPG sensor with a grating period of 111.5 um was used to evaluate the bulk Rl caused
by the concentration of carboxyl-fentanyl by subsequently immersing the LPG in the
blank sample (0ng/mL) and 1000 ng/mL carboxyl-fentanyl solution. For the
measurement of carboxyl-fentanyl, the LPG array sensor was subsequently exposed
to the different concentration of carboxyl-fentanyl for 20 mins each, followed by
washing with distilled water three times and drying with N, between each immersion.
The experiment set-up is illustrated in Fig 9.3 in which the two LPGs (coated and
uncoated) are placed inside a Teflon fibre bath. Two ends of the LPG array are
connected to a halogen light source (Ocean Optics, HL-2000) and a CCD spectrometer
(Ocean Optics, HR4000) for launching light into the fibre and detecting the

transmission spectrum of the LPGs.

The temperature calibration of the LPG array is conducted by using the set-up
describedin Fig 3.11, Chapter 3. The temperature of the water bath was programmed

to increase the temperature step by step from 20 °C to 27 °C (this range of
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temperature should have covered the fluctuation of room temperature) with an

increment of 1 °C in each step. Each step is allowed to stabilise for at least 5 mins.

The sensor reversibility test was done by initially immersing the LPG array into gently
boiling methanol (temperature around 65 °C) for 10 mins with heating applied from
a heating plate and then followed by subsequently immersion into a blank sample
(the solvent only) and the 1 pg/mL of carboxyl-fentanyl solution for the rebinding

tests.

Scanning electron microscopy (SEM) imaging of the MIP nanoparticles coated optical
fibre is performed to validate surface coverage of the coating. The fibre was coated
with approximately 8 nm of iridium to increase the conductivity of electrostatic
discharge by using a sputter coater (Q150V, Quorum, UK), and then imaged by using
Scanning electron microscopy (SEM) (JEOL 7100F, UK).

 Sov— |
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lpg 1 B

%,

Optical fibre with gratings inside
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Fig 9.3 Experimental set-up of the LPG sensing system for the detection of carboxyl-

fentanyl.

9.3 Results and Discussion

9.3.1 MIP nanoparticles on the optical fibre

The MIP nanoparticles are synthesised in the template of carboxyl-fentanyl by cross-
linking monomers containing methacrylic acid. This renders the carboxyl group (-
COOH) on the surface of nanoparticles, which are further activated by the coupling

agent, EDC/NHS, to covalently attach to the amine group (-NH;) functionalised

230 | Page



optical fibre surface. Fig 9.4a shows the SEM image of MIP nanoparticles after coating
on the optical fibre. The attachment of MIP nanoparticles can be observed from the
image. Fig 9.4b illustrates the transmission spectrum of the LPG array sensor before
and after attaching MIP nanoparticles (surrounding medium is air). It is clear that the
reference LPG (Ref-LPG) (the uncoated LPG, grating period: 110 um) shows almost
no change in its attenuation bands of LPo19. The attenuation band of the detection
LPG (Det-LPG) (grating period: 111.5 um) in the same cladding mode, on the other
hand, shows a further development with the band at phase matching condition
separating further indicating the attachment of MIP nanoparticles as a result of the

increase of surrounding Rl and effective thickness of fibre.
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Fig 9.4 (a) SEM image of the MIP nanoparticles on the optical fibre; Scale bar= 100 nm.
(b)The transmission spectrum of the LPG array before and after the attachment of MIP

nanoparticles.
9.3.2 Temperature calibration of the LPG array

Fig 9.5a demonstrates the sensor response of the LPG array sensor to temperature.
Both LPG sensors (detection and reference) exhibit a step increase as the
temperature increases from 20 °C to 27 °C. The temperature value labelled in the
stabilised region of Fig 9.5a is taken from the average temperature value measured
by the thermocouple during the same time period, and the temperature fluctuation
(standard deviation) is less than 0.02 °C. The calibration of two LPGs (coated and bare
LPG) to temperature is shown in Fig 9.5b, in which both LPGs exhibit a linear response
to the temperature. Each point in Fig 9.5b is the mean value of the step
corresponding to Fig 9.5a. The sensitivity of those two LPGs is 0.49 nm/°C and 0.99
nm/°C, respectively. And the detection LPG (coated LPG) shows a higher sensitivity
to the reference LPG (bare LPG) by a factor of 2. The higher sensitivity of detection
LPG is because its attenuation at LPo1s is closer to the PMTP than that of reference
LPG. Therefore, to subtract the temperature effect of the detection LPG sensor, the

following equation can be applied:
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e

of (9.1)

Where AA is the wavelength shift induced by the binding, AAget and AAref is the

wavelength shift of the detection LPG and reference LPG, respectively.
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Fig 9.5 (a) The wavelength of the two LPGs in response to temperature. (b) Linear fitting of

the wavelength to temperature. Error bars are smaller than the marker size.
9.3.3 Detection of carboxyl-fentanyl

Fig 9.6 shows the wavelength response of the bare LPG sensor in a blank sample

(solvent only, methanol/water=1:3 v/v) and a 1000 ng/mL of carboxyl-fentanyl
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solution. Average wavelength separation of LPo19 in the blank sample and 1000 ng/mL
carboxyl-fentanyl solution is 52.3 £ 0.3 nm and 52.5 £ 0.3 nm respectively as shown
in Fig 9.6b. The wavelength difference is about 0.2 nm which is less than the noise
level (0.3 nm). Therefore, it is clear that the bare LPG sensor does not respond to
carboxyl-fentanyl at all due to lack of receptors as no wavelength difference can be
observed. Besides, it also demonstrates that there is no bulk Rl change caused by the
concentration of carboxyl-fentanyl between the range of detection (up to 1000

ng/mL).
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Fig 9.6 (a) Wavelength sepration of LPo19 in 0 and 1000 ng/mL carboxyl-fentanyl solution as
a function of time; (b) The average wavelength separation in 0 and 1000 ng/mL. Error bar

represents the standard deviation of wavelength in each solution.
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The response of the LPG array sensor to carboxyl-fentanyl is illustrated in Fig 9.7. Fig
9.7a demonstrates the transmission spectrum of the LPG array sensor in different
concentrations of carboxyl-fentanyl. The attenuation bands of the detection LPG
exhibits a shift in wavelengths, the dual bands at the LPoig shift to the opposite
direction and the separation of the dual bands increase as a result of binding. The
attenuation bands of the reference LPG, on the other hand, do not show an obvious
change compared to the detection LPG. The wavelength separation of the dual bands
of the two LPGs is illustrated in Fig 9.7b as a function of time during the measurement.
There is a clear step change for the detection LPG that follows the step increase of
the concentration of carboxyl-fentanyl in the solution from 0 to 1000 ng/mL. The
wavelength shift of the LPGs caused by each concentration is shown in Fig 9.7c, in
which the average wavelength shift increases as increasing the concentration from 0
to 1000 ng/mL. The error bar represents the fluctuation of the wavelength signal in
each step. The wavelength shift in the reference LPG is caused by the temperature
fluctuation during each measurement. Fig 9.7d shows the wavelength shift of the
detection LPG after subtracting the temperature effect from the reference LPG by
using Eg 9.1. The wavelength shift is thus the exclusive response to the binding of
carboxyl-fentanyl. The wavelength exhibits a gradual saturation as the increase of
the concentration indicating the gradual saturation of the capture sites. The data fits
well to the Langmuir adsorption isotherm (described in Eq 6.2, Chapter 6) with a
coefficient of determination value R?=0.9629 (p<0.05). The Langmuir-Freundlich
turns into Langmuir fitting as the best fitting appears when the heterogeneity
parameter =1. The binding constant and maximum wavelength shift are determined
as 0.0053 (ng/mL)*and 5.4 nm, respectively. The minimum detectable concentration
is 50 ng/mL which corresponds to a wavelength shift of 1.20+0.2 nm. The biggest

wavelength shift is observed as 4.95+ 0.3 nm at the concentration of 1000 ng/mL.
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Fig 9.7 (a) The transmission spectrum of the LPG array in different concentration of carboxyl-
fentanyl solution range from 1 to 1000 ng/mL. (b) The wavelength of the LPGs responses
dynamically to the concentration of carboxyl-fentanyl. (c) The wavelength shift of the
detection LPG in contrast to the reference LPG as a function of the concentration. (d) The
detection LPG response to the carboxyl-fentanyl concentration after subtracting the
temperature effect from the reference LPG; the red curve is the Langmuir adsorption

isotherm.

The functionalised LPG sensor is then investigated for the reversibility test. According
to the figure in Fig 9.8a, the saturated LPG array sensor after the immersion in boiling
methanol exhibits a reverse signal change with the detection LPG shifts about -8.3
nm and reference LPG shift to about 0.2 nm. The negative shift of the wavelength in
the detection LPG is attributed to the release of carboxyl-fentanyl from the MIP
nanoparticles on the LPG surface as a result of reducing surrounding RI. The
magnitude of the wavelength shift is bigger than shift induced by the binding (~5 nm),
this most plausibly indicates that some of MIP nanoparticles are removed from the
fibre during the immersion. The response of the recovered sensor to carboxyl-
fentanyl is illustrated in Fig 9.8b, in which the wavelength separation of both LPGs
undergoes a shift from blank sample to 1 pg/mL indicating there is a rise of
temperature from the blank sample to the carboxyl-fentanyl solution. After
subtracting the temperature effect by using the Eq 9.1, the wavelength shift induced

by the carboxyl-fentanyl is -0.11 + 0.17nm indicating there is no sensitivity to
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carboxyl-fentanyl after the sensor recovery. The sensitivity comparison of a fresh
sensor and the recovery test is shown in Fig 9.8c as the recovered sensor shifts about
0 nm compared to ~5 nm in a fresh sensor. The loss of ability of the sensor in
detecting carboxyl-fentanyl probably attributes to the loss of MIP nanoparticles

coating after the recovery test.
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Fig 9.8 (a) The comparison of the wavelength separation of the LPG array sensor before and
after recovery with hot methanol. (b) The wavelength separation of the recovered detection
LPG response to 1 pg/mL carboxyl-fentanyl in contrast to the reference LPG. (c) The
sensitivity comparison of the recovery LPG to the fresh LPG sensor. Both results are

subtracted from temperature effect from the reference LPG.

The mechanism of removal the MIP nanoparticles from the optical fibre sensor
surface by using hot methanol is not clear. Further work is needed to test the cross-
sensitivity of such sensor with molecules that are similar to fentanyl anlogues for the
assessment of the specificity of the developed sensor, examples like other drugs such
as cocaine and morphine. And most importantly to validate the developed sensor for
detecting of fentanyl which is the ultimate aim of the project and is of significance

for clinical application.
9.4 Conclusion

A sensor that detects carboxyl-fentanyl is fabricated based on an LPG array sensing
system with one LPG (grating period: 111.5 um) functionalised with MIP
nanoparticles which acts as the receptors for carboxyl-fentanyl and the other LPG
(grating period: 110 um) as the reference sensor for compensation of the
temperature effect. Both LPGs operate at phase matching condition of the cladding
mode LPo19 and exhibit different temperature sensitivities of 0. 49 nm/ °C and 0.99
nm/°C for the reference LPG and detection LPG, respectively. The LPG sensor that

is coated with the MIP nanoparticles shows an increase of wavelength separation
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as a result of carboxyl-fentanyl binding with the concentration from 0 to 1000
ng/mL. The minimum detectable concentration is 50 ng/mL with a wavelength shift
of 1.20 £ 0.2 nm. The maximum wavelength shift is 4.95 £ 0.3 nm that corresponds
to the concentration of carboxyl-fentanyl of 1000 ng/mL after subtracting the
temperature effect from the reference LPG. An attempt to reverse the binding on the
LPG is done by immersing the LPG into boiling methanol (~65 °C). However, it appears
that the particles are removed from the fibre surface as well, as the magnitude of the
wavelength shift after the immersion is larger than the shift induced by the binding.

Consequently, the sensor loses its ability to detect carboxyl-fentanyl.
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Chapter 10 Conclusion and future work

5.12 Summary of current work

An FOS uses an optical fibre either as the sensing transducer that converts the
external measurands into an optical signal or the medium to transmit the signal from
a remote transducer. It generally has a small diameter of about a hundred microns
and requires much small measurement volume. The optical method has numerous
advantages over conventional electronic systems regarding the operation in harsh
environments such as corrosive, high voltage, high EMI or RFlI environment. Such
advantages have boosted its application in healthcare sectors [5-7]. Fibre optic
chemical sensor or biosensor is typically made in the combination of an optical fibre
sensing system and a chemical transducer. This section summarises the study of the
fibre optic bio-/chemical sensor for the detection of proteins (i.e. streptavidin and
human IgM), the measurement of gases (i.e. CO,, RH and NHs) and the detection of
drug (i.e. fentanyl) which are proposed in the previous Chapters. The detailed
conclusion for each presented sensor is explicated below along with a discussion of

the further work in Section 10.2.

Chapter 3 introduces the fabrication of an LPG sensor by using UV irradiation. Two
methods depending on the order of grating point being inscribed on the photo-
sensitive optical fibre are introduced: the point-by-point method and amplitude
mask method. The point-by-point fabrication method provides more flexibility in
fabricating a sensor with any designed period. In the latter method, one mask can
only produce one fixed grating period. However, it takes longer time (~2 hours) for
fabricating a typical 3 cm length of LPG than the latter (20 mins). The amplitude mask
method is used if the required grating period matches one of the masks. The
transmission spectrum of an LPG can be simulated by using the software Optigrating
that helps to estimate the grating period of the desired LPG spectrum for the practical
LPG fabrication, especially for the PMTP whose attenuation bands are very sensitive
to the grating period. The depth of the attenuation band of an LPG sensor is
determined by the grating length and Rl modulation based on the experimental and

simulation result. A longer length and a larger Rl modulation produce a deeper band.
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An LPG sensor operating at the PMTP of the cladding mode LPo19 is experimentally
characterised, and it exhibits a temperature sensitivity of 1 nm/°C, a strain sensitivity
of -2.2 X 10 nm/u€ and an Rl sensitivity of 407 nm/RIU. A reflection mode LPG is

fabricated by coating one side of the LPG with a silver mirror through a redox reaction.

Nanoparticles, due to their unique physical, chemical and electronic properties, can
be applied to configure and improve the measurement in biosensing. Chapter 4
described the chemical process for the synthesis of SiNPs and AuNPs for the
application in sensor configuration and biosensing. SiNPs synthesised by using Stéber
method exhibits a uniform spherical size and a narrow size distribution. The size is
manipulated by adjusting the molar ratio of the reactant to the catalyst. The obtained
SiNPs have a size range from 200 to 300 nm. AuNPs are synthesised through a redox
reaction in which the Au3* is reduced to Au® and further grows into a nanosphere;
the concentration of the reducing agent determines the size of particles and also
affects the stability of the colloid, insufficient reducing agent results in agglomeration
and poor sample quality. Besides, the type of reducing agent also affects the size of
the gold particle due to different reaction kinetics. AUNPs with a size range from 15
nm to 25 nm were prepared by using sodium citrate as a reducing agent by following
the Turkevich method and failed to produce even smaller size due to the kinetic limit.
The average size of ~¥3 nm of the gold solution was prepared by using sodium

borohydride as a reducing agent following the Bonnard method.

Two LPG biosensors are presented in Chapter 6 for the detection of streptavidin and
human IgM after being modified with relevant bio-receptor (i.e. biotin and anti-IlgM)
anchored Si-Au composite nanoparticles. SiNPs are initially deposited on the LPG
surface via an LBL method, and then further packaged with ~3 nm of AuNPs forming
a gold shell around the SiNPs. The streptavidin sensor shows a high sensitivity of
6.9 nm/(ng/mm?) and a LOD of 0.86 pg/mm? for the tested range from 1.25 nM to
2.7 uM. The fabricated IgM sensor shows a sensitivity of 11 nm / (ng/mm?) and an
LOD of 15 pg/mm? for detecting the human IgM from the buffer solution. The sensor
exhibits high specificity to detect IgM that would enable the sensor to be applied in

clinical POC for the diagnosis of IgM related diseases.
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CO;is the exhaust gas of the human body generated from the tissue breath. It is an
important biomarker for evaluating the functionality of the respiration system [52]
and the micro-circulation of the skin [57]. Chapter 7 described the development of a
fibre optic CO; sensor that uses a pH dye (thymol blue) and a phase transfer (TMAH)
co-doped inside of a silica film via a sol-gel method and coated on the tip of the
optical fibre via a dip-coating method. The coated film on the tip of the optical fibre
acts as a cavity (length of ~6 um) for the FPI sensor. Such a sensor demonstrates the
ability to measure gaseous CO; and RH simultaneously with the reflection change
caused by the dye reflecting the change of CO, concentration and the central
wavelength of the interference peak indicating the level of RH. The RH is another
important biomarker in managing the micro-environment of the skin. The ability to
measure dual parameters by using a single film makes the sensor superior to the
general structure of the fibre optic chemical sensor (e.g. evanescent field sensor,
general tip based reflection sensor without interference). The sensor was tested in
the CO; atmosphere with concentration up to 6 % and the reflection value change
about 18 % in response to 5 % of CO,. The wavelength of the FPI exhibits a linear
response to the RH for the tested range from 0 up to 90 % of RH with a sensitivity of
0.14 nm/%RH. The FPI sensor was successfully applied for measuring the CO; and RH
from a breath sample with a percent error of 3.1 % and 2.2 % of the reading from
commercial CO; datalogger, respectively. Suffering from the long response time of
the FPI sensor for CO; (98 s) and RH (32 s), the FPI cannot be applied for measuring
CO2 and RH from breath-to-breath (required response time < 200ms). However, the
reported FPI is suitable for measuring the CO, and RH in the application where the
response time is less important, and the principle exhibits potential of making a low-
cost, portable and quantitative CO; sensor for the supporting endotracheal

intubation in emergency medicine.

The ability to measure multiple parameters is probably the advanced pursuit for an
FOS as it will extend the potential applications of the FOS and obtain an advantage
over the single measurement sensor. In Chapter 8, a novel approach is introduced by
integrating two sensitive dyes (Thymol blue and TSPP) with differential spectral

property into one fibre sensing detection system for the simultaneous measurement
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of CO; and NHs in the gas phase. Due to the limitation in the pH of the two dyes for
the sensing purpose, they are doped separately into a matrix film and dip coated on
the two tips of an optical fibre coupler which integrates the optical signal from two
tips to one optical detector. The spectrum obtained from the optical detector
contains the spectral information for both dyes, and it revealed that three distinct
wavelengths (705 nm, 511 nm and 600nm) in the spectrum corresponding to the
absorbance of the two dyes respond to NHs and CO. respectively with negligible
cross-talk. The sensor was tested in the CO; atmosphere with a concentration range
from 0 to 6 % and NHs concentration range up to 210 ppm. The sensor shows an
logarithmic increase in the intensity of 600 nm to response the concentration of CO>
with ~15 % increase of intensity for response to ~5 % of CO;. The intensity ratio of
705 nm over 511 nm shows a linear response to the concentration of gaseous NHs
with a sensitivity of 0.003/ppm and a LOD of 3.9 ppm. For the breath gas analysis,
the sensor should be able to measure NHs; down to 50 ppb containing CO;
concentration of about 4 % [317]. Despite low sensitivity to NH3 for the application
of breath gas analysis, the FOS offers the opportunity of exploring applications where

both gases are required to be measured.

Chapter 9 introduces the work in developing a biosensor for measuring fentanyl
which is an analgesic agent in the POC to maintain anaesthesia in critically ill patients.
An FOS is developed by functionalizing an LPG with MIP nanoparticles which
selectively bind to fentanyl molecules or its analogue for the detection of fentanyl
from the liquid. A reference LPG was inscribed to the fibre for compensating the
temperature effect to the measurement. The sensor was tested into the different
concentration of carboxyl-fentanyl solution range from 25 ng/mL up to 1000 ng/mL.
The wavelength of the LPG array sensor shows a gradual saturation as increasing the
concentration of carboxyl-fentanyl in the solution with a minimum detectable
concentration is 50 ng/mL. Due to the time limitation for my PhD, the cross-
sensitivity of the sensor is not done. Despite of the high structural similarity between
carboxyl-fentanyl and fentanyl (carboxyl-fentanyl is modified fentanyl with carboxyl
group), the pharmaceutical role can be different (not clear about the pharmaceutical

role of carboxyl-fentanyl). The binding behaviour of the two molecules should be the
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same as they share the same binding sites with the nano MIPs. However, the sensor
response is not guaranteed as they may create different refractive index change.
Therefore, the sensor still needs to be validated to be able to demonstrate the

sensitivity to fentanyl drug.
5.13 Future work

The currently proposed sensors described above are characterised in the laboratory
to demonstrate proof of concept. To approve the reliability in clinical use, more tests
are required to be done to validate the performance of such sensors in the complex
clinical environment with massive clinical trials. The details of technical

improvements for each specific sensor is described below.

The proposed LPG based IgM sensor is only with single LPG in which the temperature
needs to be strictly controlled for the measurement. For the practical use, a
reference LPG should be considered to be added into the detection system to
compensate the temperature and bulk Rl effect from the blood sample. As
temperature could affect the equilibrium constant of antigen-antibody reaction [318],
the sensor may have a different response at a different temperature. For the
application in clinical POC, the effect of temperature to the sensor response to IgM

should be investigated.

The proposed FPI CO; sensor has demonstrated the ability to measure CO; and RH
from human breath. However, the breath gas measurement was carried out in a
sampling bag under the help of an HME to avoid the condensation of water. The use
of the HME makes the set-up relatively large. An optical fibre packaging technique
[319] can be applied to accommodate the fibre tip into a tube perforated at the tip
and covered with a gas permeable membrane, e.g. polytetrafluoroethylene (PTFE)
membrane. Such a configuration would allow the gases permeate through the
membrane and block out the condensed water. Thus the packaged sensor tip can be
directly applied to a patient’s mouth without considering the water condensation to
the surface of sensor. Due to the limitation of response and recovery time, the
proposed sensor cannot measure CO; from breath-to-breath, further work can be

carried out by reducing the thickness of the film which may reduce the time of CO;
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diffusing into film, but a higher dye concentration is likely to be used for producing
sufficient colour change for compensating the reduced film thickness. Drying the film
at supercritical condition will leads to highly porous silica aerogel film which may also

help to improve the sensor response time [320].

For the integrated NH3 and CO; sensor in Chapter 8, the sensitivity to NH3 can be
optimised by adjusting the concentration of TSPP doped in the film before applying
it for the breath gas analysis. And more of work should be done in investigating the
interference of RH to the fibre sensors. The same fibre sensor package technique
described above can be applied for this sensor to remove the water condensation for
the breath gas measurement. The two films contain the two dyes for NH3 and CO;
may be integrated into a composite film by casting one film on the top of another on
the tip of an optical fibre with a gas permeable membrane (e.g. PTFE) in between to
stop the ion exchange and maintains two separate pH of the two films. In this case,
the reported two-tip sensor may be converted into a one-tip sensor system which

provides an even smaller size than the current two-tip sensor.

For the reported carboxyl-fentanyl sensor, the cross-sensitivity test needs to be done
to evaluate the specificity of the developed sensor. Sensor measurement with
fentanyl needs to be further investigated in order to claim the the sensor is able to

detect fentanyl drug for the clinical application.
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