Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



Novel Planar Interdigital Sensors for the Detection of

Bacterial Endotoxins

A thesis presented in partial fulfilment of the requirements for the degree of
Doctor of Philosophy in Electronics Engineering

at Massey University, Palmerston North, New Zealand

MOHD SYAIFUDIN BIN ABDUL RAHMAN
2012



i

To my parents
Abdul Rahman Daud

Mariah Bt Deraman

To my wife

Nurhanina Mohamad Akib

And to my children
Nurafifah Afrina
Muhammad Afiq

Muhammad Ammar

Muhammad Asyraf

Muhammad Aiman



Abstract

Food poisoning caused by endotoxins or Lipopolysaccharide (LPS) are associated with
Gram-negative bacteria. Foodborne pathogens, Escherichia coli (E. coli) and
Salmonella are examples of Gram-negative bacteria which could cause large food
poisoning outbreaks. New types of planar interdigital sensors have been fabricated with
different coating materials to assess their response to endotoxins. A carboxyl-funtional
polymer, APTES (3-Aminopropyltriethoxysilane) and Thionine were chosen for coating
the novel interdigital sensors. All coated sensors were immobilized with PmB
(Polymyxin B) which has specific binding properties to LPS. The sensors were tested
with different concentrations of LPS O111:B4, ranging from 0.1 pg/ml to 1000 pg/ml.
Analyses of sensors’ performance were based on the Impedance Spectroscopy method.
The impedance spectra were modelled using a Constant Phase-Element (CPE)
equivalent circuit, and a Principal Component Analysis (PCA) was used for data
classification. Sensors coated with APTES have shown better selectivity towards LPS
detection. The experiments were repeated by coating APTES and immobilizing PmB to
a newly improved design of silicon based interdigital sensor. Scanning electron
microscope (SEM) and atomic force microscope (AFM) images were taken to analyse
the APTES coating surface and PmB immobilization. The images of non-coated sensors
and coated silicon sensors were studied and the thickness of a single layer coating was
estimated (=268 nm). Analyses of results with LPS O111:B4 showed that these silicon
sensors have higher sensitivity and selectivity to the target biomolecule LPS. The
complex non-linear least squares (CNLS) fitting method was used to fit the measured
impedance spectra based on chosen equivalent circuit model. PCA results were
clustered, showing the parameters were related and have identified process which
related to the diffusion, charge transfer and adsorption of molecules on sensors’ surface.
It was also found that these sensors can detect the standard endotoxin as low as 0.01
EU/ml which is equivalent to 1 pg/ml. Selectivity, stability and sensitivity of different
thickness of coated sensors were analysed. It was observed that the optimum thickness
layer is 3-layers of coating which is equivalent to 800 nm. Analyses of results with food
samples have shown the developed novel interdigital sensors can detect the presence of

endotoxin in contaminated food samples.

il



Research Outputs

The research outputs which have been published are listed below. The research outputs

are in conjunction with the author’s Ph.D candidacy:

Book Chapters

1.

Mohd Syaifudin Bin Abdul Rahman, Subhas C. Mukhopadhyay, Pak-Lam Yu,
Michael J. Haji-Sheikh and Cheng-Hsin Chuang. “Sensors for Food
Inspections”’. Chapter 4 in Modern Sensors, Transducers and Sensor Networks
(Book Series: Advances in Sensors: Reviews, Vol. 1). International Frequency
Sensor Association (IFSA) Publishing. 15 May 2012. ISBN: 978-84-615-9012-
4.

A. R. Mohd Syaifudin, Subhas Chandra Mukhopadhyay, Pak-Lam Yu, Michael
J. Haji-Sheikh, and Cheng-Hsin Chuang. “Impedance Spectroscopy of Novel
Interdigital Sensors for Endotoxin Detection”. Taylor and Francis Group- CRC
Press: Lecture Notes on Impedance Spectroscopy - Measurement, Modelling
and Applications - Kanoun (ed). Volume 2. Copyright 2012, CRC Press, Taylor
& Francis Group, London. Pp. 103- 112. ISBN 978-0-415-69838-2.

Journals

v

1.

Mohd Syaifudin Abdul Rahman, Subhas Chandra Mukhopadhyay, Pak-Lam Yu,
Javier Goicoechea, Ignacio R. Matias, Chinthaka P. Gooneratne, and Jirgen
Kosel. “Bacterial Endotoxin in Food: New Planar Interdigital Sensors based
Approach”. Elsevier: Journal of Food Engineering 114 (2013). Pp. 346360,

h
DOI: 10.1016/;.jfoodeng.2012.08.026. 14t September 2012.

A. R. Mohd Syaifudin, Subhas Chandra Mukhopadhyay, Pak-Lam Yu, Michael
J. Haji-Sheikh, Cheng-Hsin Chuang, John D. Vanderford, and Yao-Wei Huang.
“Measurements and Performance Evaluation of Novel Interdigital Sensors for
Different Chemicals Related to Food Poisoning”. IEEE Sensors Journal, Vol.
11, No. 11, Pp. 2957-2965. DOI: 10.1109/JSEN.2011.2154327. November
2011.

A. R. Mohd Syaifudin, S. C. Mukhopadhyay and P. L. Yu. “Modelling and
Fabrication of Optimum Structure of Novel Interdigital Sensors for Food
Inspection” Wiley: International Journal of Numerical Modelling: Electronic
Networks, Devices and Fields. Vol. 24, Issue 6. Pp. 1-18. DOLI
10.1002/jnm.813. ISSN: 1099-1204. 1* February 2011.



4. Mohd. Syaifudin Abdul Rahman, Subhas C. Mukhopadhyay and Pak-Lam Yu.
“Novel Sensors for Food Inspections”, Sensors & Transducers Journal. Vol.
114, Issue 3, March 2010, Pp. 1- 40. ISSN: 1726- 5479.

Proceedings and Conference Papers

1. A.R. Mohd Syaifudin, Asif I. Zia, S. C. Mukhopadhyay, P.L. Yu, Chinthaka P.
Gooneratne and Jirgen Kosel. “Improved Detection Limits of Bacterial
Endotoxins Using New Type of Planar Interdigital Sensors”. Proceeding of
IEEE Sensors 2012 Conference, Taipei, Taiwan. Pp. 2034-2037. 28"-31*
October, 2012. IEEE Catalog Number: CFP12SEN-USB. ISBN: 978-1-4577-
1765-9.

2. A.R. Mohd Syaifudin, S. C. Mukhopadhyay, P.L. Yu, Cheng-Hsin Chuang,
Hsun-Pei Wu, Jiirgen Kosel, and Chinthaka P. Gooneratne. “Characterizations
and Performance Evaluations of Thin Film Interdigital Sensors for Gram-
Negative Bacteria Detection”. Proceeding of 5™ International Conference on
Sensing Technology (ICST 2011), Palmerston North, New Zealand. Pp. 186 —
191. 28" Nov — 1* Dec 2011. IEEE Catalog Number: CFP1118E-CDR. ISBN:
978-1-4577-0167-2.

3. Asif. I. Zia, A.R. Mohd Syaifudin, S.C. Mukhopdhyay, 1. H. Al-Bahadly and
P.L. Yu, C.P. Gooneratne and Jiirgen Kosel. “Development of Electrochemical
Impedance Spectroscopy Based Sensing System for DEHP Detection”.
Proceeding of 5™ International Conference on Sensing Technology (ICST 2011),
Palmerston North, New Zealand. Pp. 703 — 711. 28" Nov — 1* Dec 2011. IEEE

Catalog Number: CFP1118E-CDR. ISBN: 978-1-4577-0167-2.

4. A.R. Mohd Syaifudin, S. C. Mukhopadhyay, P.L. Yu, Ignacio R. Matias, J.
Goicoechea, Jiirgen Kosel, and Chinthaka P. Gooneratne. “Analyses of
Performance of Novel Sensors with Different Coatings for Detection of
Lipopolysaccharide”. Proceeding of IEEE Sensors 2011 Conference, Limerick,
Ireland. Pp. 588 — 591. October 28-31, 2011. IEEE Catalog Number:
CFP11SEN-CDR. ISBN: 978-1-4244-9288-6. DOLI:
10.1109/ICSENS.2011.6127023.

5. A.R. Mohd Syaifudin, S. C. Mukhopadhyay, P.L. Yu, Michael J. Haji-Sheikh,
Cheng-Hsin Chuang and Hsun-Pei Wu. “Detection of Natural Bio-Toxins Using
an Improved Design Interdigital Sensors”. Proceeding of IEEE Sensors 2011
Conference, Limerick, Ireland. Pp. 1028 - 1031. October 28-31, 2011. IEEE
Catalog Number: CFP1ISEN-CDR. ISBN: 978-1-4244-9288-6. DOI:
10.1109/ICSENS.2011.6127038.

6. A.R. Mohd Syaifudin, S. C. Mukhopadhyay, P.L. Yu, Michael J. Haji-Sheikh
and Cheng-Hsin Chuang. “Novel Interdigital Sensors: Analysis, Measurement
and Evaluations”. Proceeding of the IEEE: International Instrumentation and
Measurement Technology Conference, (FPMTC). Binjiang, Hangzhou, China. Pp
358-362. May 10-12, 2011. ISBN: 978-1-4244-7934-4.



7.

10.

1.

A.R. Mohd Syaifudin, P.L. Yu, S. C. Mukhopadhyay, Michael J. Haji-Sheikh
and J. Vanderford. “4 performance evaluation of new developed novel planar
interdigital sensors”. Proceeding of the International Instrumentation and
Measurement Technology Conference, (I'MTC). Hilton. Austin, Texas. United
States. Pp 731-736 May 3-6, 2010. DOI: 10.1109/IMTC.2010.5488245.

A.R. Mohd Syaifudin, C.P. Gooneratne, S. C. Mukhopadhyay, P.L. Yu, C-H.
Chuang, Y-W. Huang, Michael J. Haji-Sheikh and J. Vanderford. “A
comparative study of three different designs of novel planar interdigital sensors

for food inspections.” Proceeding of the 4th International Conference on Sensing
Technology (ICST 2010). Lecce, Italy. Pp 560-564. June 3-5, 2010.

A.R. Mohd Syaifudin, M. A. Yunus, K. P. Jayasundera and S. C.
Mukhopadhyay. “A Novel Planar Interdigital Sensor for Environmental
Monitoring”. Proceeding of the IEEE SENSORS 2009 Conference.
Christchurch Convention Centre, Christchurch, New Zealand. Pp 105-110, 25-
28 October 2009. DOI: 10.1109/ICSENS.2009.5398227.

A.R. Mohd Syaifudin, K. P. Jayasundera , and S. C. Mukhopadhyay. “4 novel
planar interdigital sensor based sensing and instrumentation for detection of
dangerous contaminated chemical in seafood”. Proceeding of the IEEE:
International Instrumentation and Measurement Technology Conference
(IPMTC), Singapore. Pp  701-706, 5-7 May  2009. DOI:
10.1109/IMTC.2009.5168540.

A. R. Mohd Syaifudin, S. C. Mukhopadhyay and P. L. Yu. “Electromagnetic
Field Computation using COMSOL Multiphysics to Evaluate the Performance of
Novel Interdigital Sensors”. Proceeding of the IEEE Applied Electromagnetic
Conference. Hyatt Regency Kolkata, India. 4 pages. 14-16 Dec 2009. DOI:
10.1109/AEMC.2009.5430661.

Seminars

vi

l.

A.R. Mohd Syaifudin, S. C. Mukhopadhyay and P. L. Yu. “Bacterial
Endotoxin: Analyses using New Type of Planar Interdigital Sensors”.
Electronics, Information and Communication System (EICS) Seminar, 2™
August 2012. Massey University, New Zealand.

A.R. Mohd Syaifudin, S. C. Mukhopadhyay and P. L. Yu. “Characterization
and Measurement of Novel Interdigital Sensors using Impedance Spectroscopy”.
2011 IEEE (NZ) Sensors, Measurement and Instrumentation Workshop. AUT,
Auckland. 10" — 11" March 2011.

A. R. Mohd Syaifudin, S. C. Mukhopadhyay, and P.L. Yu. “Novel Planar
Interdigital Sensors for Detection of Dangerous Toxins”. IEEE Instrumentations



and Measurement Society New Zealand Chapter Workshop, 1% — ond September
2010. Victoria University, Wellington. New Zealand.

A. R. Mohd Syaifudin, S. C. Mukhopadhyay and P.L. Yu. “Novel Interdigital
Sensors Analysis, Measurement and Performance Evaluations”. IEEE
Postgraduates Seminar, IEEE New Zealand Central. 31%" August 2010. Massey
University, Palmerston North. New Zealand.

A. R. Mohd Syaifudin. “Novel Sensors for Endotoxins Detection”. Electronics,
Information and Communication System (EICS) Seminar, 31% May 2010.
Massey University, New Zealand.

A. R. Mohd Syaifudin. “Novel Sensors for Food Inspections”. PhD
confirmation seminar. 17" February 2010. Massey University, Palmerston
North. New Zealand.

A. R. Mohd Syaifudin. “4 Smart Sensor System for Raw Seafood Inspection’.
IEEE Post Graduate Presentations. 4th September 2009. Victoria University.
Wellington. New Zealand.

Awards

1.

Listed in 10 best articles award in 2010 from International Frequency Sensor
Association (IFSA) and Sensor & Transducers Journal’s Editorial Board for the
article titled: “Novel Sensors for Food Inspections”, Sensors & Transducers
Journal. Vol. 114, Issue 3, March 2010, Pp. 1- 40. ISSN: 1726- 5479.

vii



Acknowledgements

All praise due to Allah the Al-Mighty for His blessing and benevolence.

I wish to acknowledge the people who have helped and supported me throughout the

Ph.D program and also their contributions towards the completion of the thesis.

I would like to express my deepest gratitude to Professor Dr. Subhas Chandra
Mukhopadhyay and Associate Professor Dr. Pak-Lam Yu for their support and
supervisions. Thank you for the invaluable guidance, constructive criticisms and

opinions and constant encouragement throughout this study.

I would like to express my sincere thanks to Dr. Chinthaka Gooneratne, Dr.
Javier Goicoechea, and Associate Professor Dr. Michael J. Haji-Sheikh, Associate
Professor Dr. Cheng-Hsin Chuang for their active collaborations in the research. Also to
Mrs. Ann Mary, Mrs. Judy, Miss Julia, Mr. Ken Mercer, Mr. Collin Plaw, Mr. Bruce
Collins, Mr. Doug, Mr. Nagender Suryadevaraj, Mr. Haidar Khan, Mr. Nathan Eichler,
Mr. Brendon, Mr. Asif Zia, Mr. Mohd Salihin and Dr. Amri Mohd Yunus for your

assistance and support during my research were most appreciated.

Special thanks to my beloved parents, family and friends for their unconditional
love and support for my success. Also I would like to thank Massey University and
Malaysian Agricultural Research and Development Institute (MARDI) for the financial

support and assistance.

Last but not least, I am indebted to my wife Nina, who has sacrificed her time
accompanying me in New Zealand. Thank you for your love, support, patience
throughout my study. To my lovely and beautiful children, Afrina, Afiq, Ammar,
Asyraf and Aiman, thank you for your patience and being such wonderful companies

through my years of study in New Zealand.

viii



Table of Contents

ADSTFACT ...ttt sttt ettt ettt et e ae et se et et e s e nneere e iii
RESEAICN OULPULS ......ceviiiiiecie ettt ettt ettt ettt et e eae e aeeae e nas iv
ACKNOWIEAGEMENTS......c.eiiiieiiicieeee et esseenaans viii
Table OF CONTENTS ..ottt ebe e eneas ix
LIST OF FIQUIES ..ottt ettt et et a e et e e eae s eae s Xiv
LIST OF T@DIES ..ottt be et eneena s XXV
ADDIEVIATIONS ...ttt XXVii
CHAPTER L.ttt ettt ettt b e se s nseseese s eseeseesens 1
INEFOAUCTION ..ottt ettt sa e s s e s e seeneeseeneens 1
1.1 FOOA POISONING ...ttt ettt ettt ettt e eaeeeae e 1
1.2 Gram-Negative Bacteria and ENAOLOXINS ..........c.cccoevvieeiieieiriciecieeeeee e 4
1.3 Conventional Method of Pathogens Detection and Endotoxins Detection ......... 7
1.3.1 Pathogen DELECTION ........cccoocuieiieiieieee ettt e 7
1.3.2 ENAOLOXIN DELECTION........ecvieiieiieieiecieeieete ettt 9

1.4 Biosensors and Chemical Sensors for Pathogen and Endotoxin Detection...... 11
1.4.1 Optical based BIOSENSOIS ...........ccuieieriieiieiieiie et eee ettt saeeaeeanens 13
1.4.2 Electrochemical BIOSENSOIS ......c.ovuiviiriietieeieiieieeieie e 13
1.4.3 MasS SENSILIVE BIOSENSOIS .....c.eeiiriieiieieeiieieeie ettt eae e ssee e eae e nneens 15
1.4.4 CREMICAL SENSOIS ....evieiieiieieee ettt se e e 16

1.5 Description of the Planar Interdigital SENSOrS ...........cccoeovieiiviiiieiicieeee 18
1.5.1 Research Works at Massey University on Planar Interdigital Sensors.....23
1.5.1.1 Quality of Materials .........c.covieriiieriiiiieiie et 23
1.5.1.1.1 Inspection of Quality of Saxophone Reeds...........cccoeviiriiienieniiiniennes 23
1.5.1.1.2 Quality Improvement of Leather Tanning Process ..........ccccceevueriieenncnne 23

1.5.1.2 Food Quality and Environmental Monitoring...........c.cecccveeevveeecuveenneeennne. 25
1.5.1.2.1 Estimation of Fat Content in Pork Meat............cc.cccooveiieiieiiieeniieene. 25
1.5.1.2.2 Quality Monitoring of Dairy Products ...........c.cccceveiieriiniiieninniieens 26
1.5.1.2.3 Novel Interdigital Sensors for Seafood Inspection.............cccveeruveennnee. 26
1.5.1.2.4 Planar Electromagnetic Sensors for Environmental Monitoring.......... 27

1.6 Contributions Of ThiS TNESIS.......ccueriiiiiiiieeee e 28
1.7 Organization of The TRESIS .......c.cooviiiiie e 30

X



CHAPTER 2.ttt s 32

Development of Novel Planar Interdigital SENSOrS..........cccoccveviieieiiieciieieeeeeee, 32
2.1 Planar Interdigital SENSOKS ..........ccvovuiiiiieieeeeeeeeeteee e 32
2.2 Analytical Model and ANAIYSIS ...........cooeviiieieeeceeeeeeeee e 34

2.2.1 Calculation of Capacitance using Circuit Analysis...........cccccevieviirieneennn. 35
2.3 Modelling using Finite Element Analysis: COMSOL Multiphysics...................... 38
2.3 L INTrOAUCTION ..ottt ene e ens 38
2.3.2 Model Definition - COMSOL Implementation ............cccccoeveeieiiiiecneenn. 39
2.4 Sensor Design and Fabrication ............c.ooeeieiieiiiieeieeeceee e 45
2.4.1 Design and Fabrication PrOCESS.........c.coveuieieiieeie et 45
2.4.2 Conventional Interdigital SENSOIS ...........coveiiieeiieeieeeeceeeeeeee e 46
2.4.3 Novel Planar Interdigital SENSOIS.........c.ocoieiiivieiieieeeceeceeeeeee e 48
2.4.3.1 FRA4 SENSOTS ...eeuviiiiiieeeiie et et et e et e e e stae e e baeesnreesaseesnnaeesnnneesnnneas 48
2.4.3.2 ATUMING SCISOTS ...cuvveeeiiieeiieeeieeeeteeeetee e et e eeteeeetaeeeeaaeeeetaeesreeeereeesaneeas 50
2.4.3.3 GlASS SCISOTS ...ccouvvvieeeeitiee ettt ettt e e et e et e e e et e e e eeaaeeeeeeaaaaaeas 51
2.4.3.4 SILICON SCINSOTS.....uvviiieeirieeeecieeeeeeciee e eeete e e et e e e eete e e e eeaaeeeeeeaaeeeeeeanaeeeas 53

2.5 CONCIUSION. ...ttt ettt ettt se et ettt e saesseeseeseeneeneas 57

CHAPTER 3.ttt ettt ettt et s s b s e s seesessenseseesenes 58

Experimental Setup, Measurement and Impedance SPectrosCopy .......cccccvevveevvervennee. 58
T8 A 1 011 0o [ Tod 4 o o TSRS 58
3.2 EXPErimental SETUP........ccvoiiiieiieieeeeee ettt 58

3.2.1 Equipment and INStrumentations.............c.ccceeeevieeieeiecieeeeceee e 59
3.2.2 FIXTUIE CONNECLION ....ooiieiiciieeeeieeee ettt ettt sae e e e ennens 60

3. 2.3 LADVIEW PrOgram ....cc.cooiiiieeieiieieeteie ettt sae s s 62
3.3 Impedance Spectroscopy Method...........ccooveiieieiieniieiecee e 63
3.3.1 Fundamental Theory of ISMethod.............cccoooeiiiiiiiieee, 64
3.3.2 Nyqusit plot and Bode plot Data Presentations.............c.cccccevveevieieiienneennn. 66
3.3.2.1 Parallel RC CirCUIt......cccuvieeiieeciie ettt e e 66
3.3.2.2 SerieS RC CIrCUIL c...eeuiiiiieiieeiieeieeeee ettt e 68

3.4 CONCIUSION. ...ttt ettt ettt ettt e se e st et e e et e s e nsesseeseeseeneeneas 70

CHAPTER 4 ...ttt ettt et s et ss et seese s sseseesenes 71

Experimental Investigation: Impedance Characterization.............cccccoevvevveriveiennnnne. 71
A1 INEFOTUCTION ..ottt sttt ettt sb e b ens 71
4.2 Characterization 0f SENSOIS IN @I ........ccveieieieieieriereeeee e 71



4.2.1 Characterization 0f FRZA SENSOIS ..., 71

4.2.2 Characterization of AIumina SENSOKS ..........ccceiivirieirieeeereee e 73
4.2.3 Characterization of Glass SENSOIS..........cccecveieierierieriereee et 75
4.2.4 Characterization of SiliCON SENSOIS..........cccveieieiierieiereeeeeee e 76
4.3 Characterization of sensors with ionic solution, Sodium Chloride (NaCl)....... 79
4.3.1 NaCl 0N FRA SENSOKS .....eouiiiieieiesieeieeeteteee ettt eneas 80
4.3.2 NaCl 0N AlUMING SENSOTS........ccveiieiicieeiieiietietteiete e saessesse s 83
4.3.3 NACI 0N GIASS SENSOIS ......ocuveieiieieetieiieieeieieste et seessessessesseeseeseas 87
4.4 Characterization of sensors with different pH...........cccoooviiiiiiciic 91
441 pH 0N 1 5 ATUMING SENSOK ......cviiiieiieieeeeeeeeteete ettt 91
4,42 PH 0N 1 5 GIASS SENSOK .....oveveeeieeieeteeeteeee ettt ettt 93
4.5 Experiments with peptides related to Domoic ACid............cceevveevveviieciecniennee. 94
4.6 Initial experiments wWith LPS O111:B4 ........ccoooiioiieieeieeeeeeeeeeeee e 98
A7 CONCIUSION.....vieiiiieiecieeeee ettt ettt ettt ettt e sbesseeaeeneeneenes 100
CHAPTER 5 ..ottt ettt ettt a ettt eseete s st ene s e s enseseens 101
Coating and Immobilization of SENSOrS...........cccooviiiiiieieeeeeeeeeeee e 101
5.1 INTFOAUCTION ...ttt ettt ettt s e b eaeeneeneeneas 101
5.2 C0atiNg OF SENSOTS.......ociiceieieeieeeeete ettt 101
5.2.1 Electrospining Method ............ccooieiiiieiieeeeeee e 103
5.2.2 Spin-Coating Method............c.oooveieiieieeeeee e 104
5.2.3 Dip-Coating Method ............ccoooieiiieiiceeeeeeeeee e 104
5.2.4 Optical Microscopy Characterization..............cccoevevveeeeieeiieeeeeeeie e 105
I B B 5 T (RS 1110 SRR 106
5.2.4.2 COATING A - Electrospun of Carboxylic functional polymer............... 107
5.2.4.3 COATING B - Spin coated Carboxylic functional polymer.................... 108
5.2.4.4 COATING C - Dip-Coated silica coating funcitonalized with APTES...108
5.2.4.5 COATING D - Dip coated silica with Thionine...........cccccecveereveeennenee. 109

5.3 Immobilization of POlyMYXIN B .......c..coviiiiiiieececeeeee e 110
5.3.1 Preparation of Borate BUFfer..........ccocovieiiiieiieeceeeeeee e 110
5.3.2 Preparation of Phosphate BUFfer............ccccveiieiicieiieeececeeeee, 111
5.3.3 IMMODIliZatioN PrOCESS........ccieeieiieiieieieieeeeee et 111
5.4 CONCIUSION ...ttt ettt ettt ettt sbe st seeeneeneas 112

xi



CHAPTER B ..ttt 113

Experimental Investigation with ENAOtOXINS ...........cccooveiiiiicieiiciecceeeeee e, 113
6.1 INTrOAUCTION ...ttt ene s e 113
6.2 Impedance SPectroSCoPY ANAIYSIS.......c..ccveieerieciieieeeeeeeeeeeeeere e 113
6.3 Principal Component ANAIYSIS ........ccooieiieiieieieeeeeeee et 119
6.4 Analysis 0N ENCOTOXIN .......ccviiiiiiiiicieieeeeeee ettt 122

6.4.1 Coated FR4 Sensors (1_5 configuration) ...........cccccceevveeieiiieiiciecieeeeeeee. 122
6.4.2 Coated Silicon Sensors (1_5 configuration)...........ccccccoeveevieiiiieciecieneee. 127
6.5 Validation of Sensor Measurement using Standard Chromogenic LAL
ENdOtOXiN TeST KT ...c.ooiiiiieieeeeee et 137
6.5.1 Description of The Assay Kit ........cc.oooieiiiiiiiiieeeeeceeeeeeeeeee e 138
6.5.2 Endotoxin Quantitative Detection Protocol.............ccccovvveeieiieiveiceeen, 139
6.5.2.1 Reagent Preparation ............coecuveeiieiiieniieiieeie et see e snae e 139
6.5.2.2 Test Procedure..........coocviiiieiiiiii e 141
6.5.2.3 Calculation of Endotoxin Concentration...............cccueeeeeiuveeeeeeiveeeeeennennn. 142
6.5.3 Sensitivity Measurement of Novel SENSOrS ...........ccccoevveeeeviieciiciecieeieeenee. 144
6.6 Stability and Reproducibility of Sensing Performance. ............ccccoeceveeerennene. 151
6.7 CONCIUSION. ...ttt sttt et ettt e saesseeseeneene e 159

CHAPTER 7 .ottt ettt ettt ettt ettt et s s eas s et ensesens 161

Food Sample Test and ANAIYSIS .......ccvoiirieieeeeeeeee e 161
T L INTrOTUCTION ...ttt sttt ettt et ettt seeaeene s e 161
7.2 FOOod Samples Preparation ...........cccocvevveeiieieoiieieceeeieeee et 161
7.3 Analysis 0N FOOd SAMPIES .......ooovieiieieiee e 161
S o] o Tod 1115 o] PSSP 167

CHAPTER ...ttt sttt ettt et ettt et ne b b et eneese e 168

Conclusion and FUTUre RESEAICN..........ccocieiiiiiiiiceeeeeeee e 168
B.L CONCIUSIONS ...ttt ettt sttt ae et et et eaesseeseeneeneeneens 168
8.2 FULUIE WOTK ...ttt 173

RETEIEINCES ...ttt ettt ettt ettt neeneas 175

APENDICES ...ttt ettt ne s s s e 190

Lab VIEW Program Constructions for Auto-measurement .............cccccoeeveeveenennee. 190
ApPendix 1: Main Panel ...........cooooiiiieeeeeeeeee e 190
APPeNdiX 2: OPEN PANE.........oooeeieeeeeeeee e 195
ApPPendixX 3: ClOSE Panel...........ooviiiieeeeeeeeee e 197

Xii



Appendix 4: Set Speed Panel............oooiiiiiiiieee e 198

Appendix 5: Set Frequency Panel.............ccoovoiioiiiieiieeeeee e 200
Appendix 6: SEt MOde Panel ............ooooiiiiiieeeeeeee e 202
Appendix 7: Set Measurement Panel .............ccooovioiiiiiiiiiieeceeeeeeeee e 204
Appendix 8: Set EXECULe PANE .........coovioiiiiieiieeeeeeeee et 207

xiil



List of Figures

Figure 1.1: Number of cases of foodborne illness worldwide (Source: Data compiled by
GRAIN from government and UN sources, 2008-2010, except Australia in 2005)....2
Figure 1.2: Areas of research interest for pathogen detection (Source: ISI Web of
Science.ca. which indicates about 2500 research articles found on pathogen
detection OVET 1aSt 20 YEATS) ..veeeruvreeieiieeiieeeiieeeieeesteeesteeetteeereeeeaeeessseeesaseesnseeenneees 4
Figure 1.3: Cell wall of Gram-Negative bacteria and LPS structure. ...........c.cccceverernennen. 5
Figure 1.4: The relative number of research conducted for different bacteria. (Source: ISI
Web of Science.ca. which indicates about 2500 research articles found on pathogen
detection OVET 1aSt 20 YEATS)......eeuieiiiiriieiieeiie ettt ettt ettt 5
Figure 1.5: E. coli outbreak in Europe 2011 .........ccoooieviieiiieieeieceeeeeeee e 5
Figure 1.6: Geographic distribution of Salmonellosis cases reported in 2007 — 2010 ....... 6
Figure 1.7: Number of reported outbreaks and associated cases for; (a) Foodborne
Salmonella spp. and (b) Foodborne VTEC/STEC .........ccocveviiieieieieieecieceee e 7
Figure 1.8: Schematic diagram of immunology-based technique using indirect ELISA
and Sandwich ELISA . ... 8
Figure 1.9: Diagram showing (a) Schematic representation of PCR cycle and (b) DNA
extraction and PCR system for molecular biology research..........c.ccoocveiiiniinnnnen. 9
Figure 1.10: Diagram shows numbers of research works in biosensor application is
o (014 T PR SR 12
Figure 1.11: Diagram showing (a) Schematic representation of biosensor application (b)
Classifications of biosensor showing bioreceptors and transducers ............cccceueeee. 12
Figure 1.12: Schematic diagram (A) Illustration how the pathogen can be captured onto
the sensor platform (B) Different bioreceptor or bio-probe surface in biosensor
APPLICALIONS ..ottt ettt ettt ettt et e st e e bt e st eebeeesbeenbeessbeensaesneeenneennne 12
Figure 1.13: Common methods of chemical sensing approaches.............ccccoevverveevennennee. 17
Figure 1.14: A schematic diagram of; (A) An interdigitated microelectrode based sensing
system for bacterial cells detection and (B) The equivalent circuit based on conductance
INCASUTCITICIIL. . vvtvteeeeuetteeeeuteeeeseaaeeteeeanseeeesansseesaannseeeeannssaeessssseeesannsneesssnssneessnnssneesanns 20
Figure 1.15: : Schematic diagrams of AMP-based electrical detection showing; (A)

Immobilization of AMPs on the interdigitated microelectrode array. (B) Images of AMP

X1V



magainin [ chemical structures (C) The binding of target cells to the immobilized AMPs for
bacteria detection (D) Image of developed interdigitated microelectrode array ................. 20
Figure 1.16: The schematic diagram of surface acoustic wave (SAW) sensing approach21
Figure 1.17: Schematic diagrams of; (a) IDAM chip with gold microelectrodes on a glass wafer,
(b) A micro-channel showing micro-chamber, inlet and outlet channels, and (c)
Microfluidic flow cell with embedded IDAM and their connection Wires.............ceeene.e... 21
Figure 1.18: Schematic diagram of the electrode fabrication process and (b) Image of a
set of interdigitated ClECtrOdes ......oovuvieiieiiiiiieiieeieee e 22
Figure 1.19: (a) Interdigitated electrodes on 0.10” x 0.10” substrates. Top sensor:4 mil spacing.
Bottom sensor: 1 mil spacing. Contact pads on reverse side. (b) Gold and platinum
interdigitated electrodes on 0.25” X 0.25” SUDSIIALES......cccvuvrreeeriieeeeeiiiee e e e eeiieee e 22

Figure 1.20: (a) Mesh type sensor and different sections of a tenor and alto saxophone reed and

(b) Experimental setup used to test the reeds........ceeruiereeriiiiieeiiiiee et 23
Figure 1.21: Testing saxophone reed using planar interdigital SENSOT. ..........ccocoveevverrieereennnn. 24
Figure 1.22: Experimental setup to access the quality of leather............cccooceeveininnnn. 24
Figure 1.23: Experimental setup to determine fat content in pork meat......................... 25
Figure 1.24: 1* Prototype of seafood inspection tools..............ccoeveevrrrrrrererrrrresrenenen. 27
Figure 1.25: Experimental setup to measure nitrate contamination in water.................. 28

Figure 2.1: Electric field lines of parallel plate capacitors and on coplanar interdigital

SEIISOTS ..ttt et et ete et eateete et e eat e s at et e eateeat et e eat e e bt e bt et e eae et et s be ettt eae e neennes 32
Figure 2.2: Configuration of conventional planar interdigital Sensor..............ccccceveuenen. 33
Figure 2.3: Fringing electric field of interdigital SENSOr..........cccoeveviviiieierieierereeene 33

Figure 2.4: Electric field formed between positive and negative electrodes for different

pitch lengths, (11, 128N 13) ccevoeviiiiee e 34
Figure 2.5: Sensing possibilities to detect various characteristic of samples .................. 34
Figure 2.6: The capacitive circuit of three different sensors; (a) 1 11 electrodes

configuration (1-11-1) (b) 1-5 electrodes configuration (1-5-1-5-1) and (c) 1 3

electrodes configuration (1-3-1-3-1-3-1) ...ccooiiiiriiiiiiie e 36
Figure 2.7: Equivalent capacitance within each sensor gEometry .............coeceveeereeerenens 37
Figure 2.8: The geometry of interdigital sensor in 3D VIEW ........cccecvevievierieneninenennnnen. 38
Figure 2.9: The relationship between Capacitance and no. of negative electrodes ......... 41
Figure 2.10: The relationship between Reactance and no. of negative electrodes .......... 41

Figure 2.11: Electric field distribution of each sensors; (a) Sensor 1 11, (b) Sensor 1 5
ANA () SENSOT 1 Biiiiiiiiiieie ettt ettt et s e et e st e e beesaneeneens 42

XV



Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:
Figure 2.17:

Electric field intensity of €ach Sensor...........cccuvevieiiieniiiniiiiecieeeee e 43
3D view of Sensor 1 with a known sample..........ccccocueevieniiiiienieeiieene, 44
Electric field distribution of Sensor 1 for a known sample........................ 44
Calculated capacitance for different values of sample permittivity ............. 45
Calculated capacitance for different values of sample thickness................. 45
Representation of conventional interdigital sensor with configuration #1...47

Figure 2.18: Conventional sensor with (a) Configuration #2 and (b) Configuration #3 ..47
Figure 2.19: The fabricated conventional interdigital sensors compared to 20¢ New

ZA1ANA COMN ..ttt ettt et ettt et e et et e b e eae e bt et e et enaeenees 47
Figure 2.20: Representation of Sensor 1 11 configuration .............cccevveverereneneeennenne. 49
Figure 2.21: Sensor 1 _5 and Sensor 1 3 with different configurations .............cccccceeune. 49
Figure 2.22: The fabricated novel interdigital sensors (FR4).........cccccevvevvevieneveneseenenne. 49
Figure 2.23: The representation of interdigital sensor (Sensor 1 _11) ....ccoccvvvvevieiennnnne. 50
Figure 2.24: The fabricated interdigital sensors (Alumina).............cccceeevveevieeeenreeeeeneenne. 51
Figure 2.25: The IDT electrode fabrication ProCess .........c..ceeeveereevveereeereeveeeeeereeeeeneennes 52
Figure 2.26: The representation of interdigital sensor (Glass) .......cccccevvevverierieresesrennenne. 52
Figure 2.27: The fabricated interdigital sensors using MEMS technology ...................... 52
Figure 2.28: The representation of three different designs of novel interdigital sensors .53
Figure 2.29: Interdigital electrode configurations. ...........ccccecevererereeeenienieneseneseeeene 54
Figure 2.30: The fabrication process on silicon wafer (Mask 1) .........ccooceeverienienieennenne. 55
Figure 2.31: Miniature type thin film silicon based interdigital sensor. ............c.cocone... 55
Figure 2.32: Fabrication process (Mask 2 — Deposition of SizN4 by PECVD and etching

DY RIE) ettt et st 56
Figure 2.33: Newly improved silicon based interdigital SEnsor. .........c.ccccecevererenennenne. 57
Figure 3.1: The block diagram and the experimental SCtUpP..........c.coveeverierieeeenieeieeeenne. 59
Figure 3.2: Instek LCR 821 ..ouiouioiieieieeeeeeeeee ettt 59
Figure 3.3: Instek LCR-06A 4 Wire Leads Kelvin..........ccocevveievienienenineceeceieee 61
Figure 3.4: Standard fixture of Kelvin 4 Wir........ccccevievierienieiiciesieeie e 61
Figure 3.5: Terminal connection of test lead to DUT ........cccccoevvieieiieciiiieeeeceee 62

Figure 3.6: Sinusoidal current, I response from the excitation potential voltage, V in a
linear system
Figure 3.7: A simple paralle]l RC equivalent CirCuit ...........cooeveririeieieieieieseseseeeee 67
Figure 3.8: Nyquist plot to represent the complex impedance plane of the circuit shown
TN FIGUIE 3.7 oottt et e e eate e esaeeensseeensseesnneeennnes 67

XVvi



Figure 3.9: Bode plot showing impedance and phase angle behaviour with frequency.. 68
Figure 3.10: Nyquist plot to represent the complex impedance plane.............ccccceeeunnen. 69
Figure 3.11: A simple series RC equivalent Circuit ...........cccoevvevvieieerieiieeiecicerecieeveenea 69
Figure 3.12: Bode plot showing impedance and phase angle behaviour with frequency 69
Figure 4.1: Nyquist plot showing impedance characteristic of FR4 sensors................... 72
Figure 4.2: Impedance characteristics of FR4 sensors showing Bode plots of; (a)

Impedance and Phase angle (b) Real and Imaginary part..........cccceeevveeiieeecieennenn. 73
Figure 4.3: Nyquist plot showing impedance characteristic of Alumina sensors............ 74
Figure 4.4: Impedance characteristics of Alumina sensors showing Bode plots of; (a)

Impedance and Phase angle (b) Real and Imaginary part............cccoeeveeiieriiennennnns 74
Figure 4.5: Nyquist plot showing impedance characteristic of Glass sensors................. 75

Figure 4.6: Impedance characteristics of Glass sensors showing Bode plots of; (a)

Impedance and Phase angle (b) Real and Imaginary part............cccceeveeeiieriiennennns 75
Figure 4.7: Nyquist plot of SiliCOn SENSOTS. .......ccevvirieieieieieeseee ettt 77
Figure 4.8: Impedance characteristics of Silicon sensors showing Bode plots of; (a)

Impedance and Phase angle (b) Real and Imaginary part...........cccoevveniiiiiiniennnns 77
Figure 4.9: Nyquist plot of improved Silicon sensors (SizsNa)......cccvevievierierenenineeeenens 78

Figure 4.10: Impedance characteristics of improved Silicon sensors (Si3N4) showing
Bode plots of; (a) Impedance and Phase angle and (b) Real and Imaginary part..... 79
Figure 4.11: NaCl characterization of FR4 1 11 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ........................ 81
Figure 4.12: NaCl characterization of FR4 1 5 sensor; (a) Nyqusit plot showing complex
impedance plane (b) Impedance and phase measurement plot (c) Impedance
behaviour in showing the Real, Z and the Imaginary, Z............cccooovvviieenieniieneennen. 82
Figure 4.13: NaCl characterization of FR4 1 3 sensor; (a) Nyqusit plot showing complex
impedance plane (b) Impedance and phase measurement plot (¢) Impedance
behaviour in showing the Real, Z and the Imaginary, Z..........cccccooevvviieenieniieneennen. &3
Figure 4.14: NaCl characterization of Aluminal 11 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ........................ 84
Figure 4.15: NaCl characterization of Aluminal 5 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)

Impedance behaviour in showing the Real, Z and the Imaginary, Z ........................ 85

xvil



Figure 4.16: NaCl characterization of Aluminal 3 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ......................... 86

Figure 4.17: NaCl characterization of Glass 1 11 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ......................... 87

Figure 4.18: NaCl characterization of Glass 1 5 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ......................... 88

Figure 4.19: NaCl characterization of Glass 1 3 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary,Z .......................... 89

Figure 4.20: Sensitivity measurement for different sensors of 1 _5 configuration at 100
Hz and 1 KHZ (NQCI) ..ccviiiiiieiieieeeeeee ettt 90

Figure 4.21: pH characterization of Alumina 1 5 sensor; (a) Nyqusit plot showing
complex impedance plane (b) Impedance and phase measurement plot (c)
Impedance behaviour in showing the Real, Z and the Imaginary, Z ......................... 92

Figure 4.22: pH characterization of Glass 1_5 sensor; (a) Nyqusit plot showing complex
impedance plane (b) Impedance and phase measurement plot (c¢) Impedance
behaviour in showing the Real, Z and the Imaginary, Z..........c.ccccccvceevininiencnnnene. 93

Figure 4.23: Sensitivity measurement of Alumina and Glass sensors for pH buffers at
100 HZ and T KHZ....ccueeiiiiiieeeee ettt s 94

Figure 4.24: The target molecules of two different peptides..........ccceevvevievencienierieennenne. 96

Figure 4.25: Nyqusit plot of two different peptides and control for; (a) Alumina, 1 5
configuration (b) Alumina 1 11 configuration and (c) Alumina 1 3 configuration .96

Figure 4.26: Bode plot of impedance (Z) and phase angle of; (a) Alumina 1 5
configuration and (b) Alumina 1 3 configuration ...........cccceevieniiienieniiinieniceeee 97

Figure 4.27: Impedance behavior of Real part and Imaginary part of Sarcosine, Proline
and control for; (a) Alumina 1_5 configuration and (b) Alumina 1_3 configuration97

Figure 4.28: Sensitivity measurement for different configuration of peptides with respect
£O COMEIOL ..ttt ettt ettt st e s bt e et esbeeenbeesaaeeas 97

Figure 4.29: The Nyquist plot of LPS O111:B4 and Control for Alumina 1 5

CONTIGUIATION 1.ttt ettt ettt ettt e st e et e et e e nseeenbeesaseenseessneenseesnseenne 99

Xviii



Figure 4.30: (a) Bode plot of impedance (Z) and phase angle of 1 _5 configuration and
(b) The impedance spectra of LPS OI111:B4 and Control for Alumina 1 5
CONTIGUIATION ...eeiitieiiiieeeiee et ee ettt e ettt et e e et e e st eesaeeesaaeeessbeeesseeessseeensseesnneeesnseaenns 99

Figure 5.1: Interdigital sensor design: 1 5 configuration.............ccccevveeevieieereenneennenne. 102

Figure 5.2: Fabricated interdigital sensors on FR4 with different coating materials..... 102

Figure 5.3: Schematic view of the electro-spinning process, where A is the syringe where
the desired polymer is placed, B is the anode needle, C is a high voltage source, E is
the cathode screen and D is the electrospun fiber accelerated by the electrical field. ...... 103

Figure 5.4: Schematic view of the spin coating process. The material is spun off the
substrate by simply spinning the sample stage at a constant speed while the solvent
evaporates away, leaving homogeneous thin film coating.............cccoccevviniinnnan 104

Figure 5.5: Schematic view of the dip-coating process. After the substrate is immersed

into the desired solution, it is pulled-up at a very controlled speed (usually very

low), and finally the sample is hold until the solvent is properly evaporated......... 105
Figure 5.6: The Leica DM 2500M .......c.cooiiiiiiiiiiiiieeieeieeee ettt 106
Figure 5.7: Micrograph images of the bare electrodes............ceevevverierinierenecieeeeeneen, 106

Figure 5.8: Electrospun fiber mats onto test glass substrates. In the picture at the right is
shown how the average fiber diameter is around 500nm when the fibers were dry,
and place under normal room CONAItIONS. .....covereiriirienieiiinieeecee e 107
Figure 5.9: Micrograph images of the electrospun fiber mats over the sensors surface.
The detail shows the polymeric fibers onto the PCB substrate between two of the
ClECTIOMES. ...ttt 107
Figure 5.10: Left - 1000x micrograph of polymer nano-fibers over the PBC substrate on
the ElECIIOE. .....eeiiiiiiiiiec e e 108
Figure 5.11: Left - 50x micrograph images of the electrodes. Between them it is visible

the polymeric hydrogel coating. Right - 100x micrograph image of a detail of one

electrode. The coating is uniform and covers the whole sensor. ...........c.ccccveenneee. 108
Figure 5.12: Micrograph images of the coated area with APTES. .........ccccocoiininnnenn. 109
Figure 5.13: Micrographs of the pre-cursor silica with Thionine coatings................... 109
Figure 5.14: PmB chemical StrUCIUIE.........coevveieieieierieeeceeeie et 110

Figure 5.15: 24 hours incubation of sensor in PmB with slow shaker of 125 rpm; FR4
SEIISOTS ..vattie ettt et ettt ettt sb et et e bt ettt h e e e ae e bt e ae e b e et b e s 112

Figure 5.16: Drying sensors under nitrogen flow; FR4 sensors ...........ccccceeevevvevreenenne. 112

XiX



Figure 6.1: Flow diagram for the measurement and characterization of a material-

electrode system for IS analysis........ccoeeeviiiiiiiiiieiiienie e 114
Figure 6.2: Equivalent circuit model for mixed kinetic and diffusion............................ 116
Figure 6.3: The Nyquist plot of complex impedance plane............c..cccoeveeevreieereeiennn. 116
Figure 6.4: The Bode plot of absolute impedance (Z) and phase angle.......................... 117
Figure 6.5: CNLS fitting of corrosion monitoring experimental impedance spectra; an

EXAMPILE SPECLIUIN ...viieiiieeiiie ettt ettt e ae e et e e et e e e aeeesnseeesaeeessaeesnsaeenanes 118
Figure 6.6: Sample data plotted of two variables ............cccoovvevieiiiieciieicceeeeeeceeee, 120
Figure 6.7: Data replotted 0N NEW XIS .......ceevveeiirierieeieiieeieeieeteesre e sreereeee e ese e 120
Figure 6.8: Sample program of PCA using SAS 9.2 application software..................... 121

Figure 6.9: The Nyquist plot showing impedance characteristics of coated sensors for (a)
Before and after PmB immobilization with respect to air (b) Coating B with LPS at
different concentrations (¢) Coating C with LPS at different concentrations and (d)
Coating D with LPS at different concentrations. ...........ccceeeeeeeveerveeiiieniessieeneennens 123

Figure 6.10: The sensitivity of sensing signal with different concentrations of LPS at 1
kHz for coatings B, C and D .......ccccoiiiiiiiniiiiiiiiecccececeeeee 124

Figure 6.11: The Bode plot showing impedance (Z) and phase angle of coated sensor C
(APTES) for different LPS concentrations .............cceceeveerieenieniciieeniceeenieeene 125

Figure 6.12: The CPE equivalent circuit model for analysis of impedance parameters
where, Ry - Solution resistance, CPEns and CPEjs - CPE represents double layers at
high and low frequencies, Rys and Rjs - Resistance at high and low frequencies....126

Figure 6.13: Histogram of eigenvalues and cumulative variance of four different
Coatings at 0.1 /M ......ooiiiiiiiiiiiie e e e e e 126

Figure 6.14: PCA plots of the 1* and 2nd principal components of coated sensor C
(APTES) at (a) lower concentration of LPS and control, and (b) higher

concentrations Of LPS ... 127
Figure 6.15: Dip-coating process for SiliCOn SENSOTS .........ccccveeeieiereerierierieneeeseeeeenes 128
Figure 6.16: Drying process under nitrogen flow ...........ccooeeevieieieieiieieniesesese e 128
Figure 6.17: Vacuum oven at 120° C for 2 hOUIS .......ccoveriirirerieieieieeeee e 129
Figure 6.18: PmB immobiliZation ProCeSS..........ccevveierierierierierieniieeeeeeieieseeneesiessesseenens 129
Figure 6.19: SEM image of bare electrode ............ccecuerierierierineninieieieeeeeseeeae 130

Figure 6.20: SEM images showing APTES film before and after PmB immobilization130
Figure 6.21: (a) SEM images, showing PmB molecules on sensors and (b) SEM images,

coating thickness of a single layer of dip-coating APTES...........cccceviiiriiiiniennne 130

XX



Figure 6.22: The Nyquist plot showing results of coated silicon based interdigital sensor
with different LPS concentrations. The plot shows diffusion limited process at low

frequency (12 Hz — 100 Hz) and charge transfer process at frequency above 150

Figure 6.23: Bode plot showing impedance spectra of coated silicon sensor with different

LPS concentrations; (a) Impedance (b) Phase Angle (c) Real part and (d) Imaginary

Figure 6.24: The equivalent circuit model showing mixed kinetics and diffusion process
of impedance parameters of Rs — solution resistance, Cq4 — double layer
capacitance/constant phase element, R, — charge transfer resistance, C,y —
adsorption capacitance and W — Warburg impedance (Zy). .....cceeveeeveeneenieeenieene 133

Figure 6.25: Results of curve fitting showing Nyquist plot (a) and Bode plot of LPS
O111:B4 concentration of 0.1 pg/ml in the frequency range of 26 Hz — 25 kHz
showing (b) the phase angle, (c) and (d) showing real and imaginary parts
respectively. Experimental impedance spectra are presented by the squares and the
optimization parameters using non-linear least squares method are indicated by solid
JITIES. ettt a ettt et sbe e 134

Figure 6.26: Histogram of eigenvalues and cumulative variance of the five principal
COMPOTICIILS ..evveeerieeeirieeeiteeeeteeesseeessteeessseeessseeessseeensseeesseeensseeanssesansseesnsseesnsseennnnes 136

Figure 6.27: PCA plot for each calculated parameters at different concentrations of LPS
(a) Control and LPS concentrations between 0.1 pg/ml — 10 pg/ml (b) LPS
concentrations between 100 pg/ml — 1000 pg/ml.......cccovvveiiiiiniiiiiiieiieeceeee, 136

Figure 6.28: PCA plot for measurement of three replications of LPS at different

concentrations (0.1 pg/ml — 100 pg/ml) for data classification of calculated

PATAIMELETS ...ttt ettt ettt ettt et eesb e e bt e st e et e e eaeeebeesateebeessneeneesaneens 137
Figure 6.29: ToxinSensor ' Chromogenic LAL Endotoxin Assay Kit......................... 138
Figure 6.30: Serial dilution of standard endotoXin ...........cccceeereeieieierierienereee e, 140

Figure 6.31: Blank solution and standard endotoxins ready for spectrophotometer
TNEASUTEITIETIE ....eiiniieiiieette ettt et et et e bt e et e bt e sateebeesateebeesateeabeesaeeebeesaneenneennee 141

Figure 6.32: Standard curve for the quantification of standard endotoxin in chromogenic

Figure 6.33: (a) Nyquist plot of standard endotoxin of concentrations 0.01 EU/ml, 0.05
EU/ml and 0.1 EU/ml (frequency 12 Hz — 18 kHz); (b) Bode plot showing

xxi



Impedance (Z) and Phase Angle of standard endotoxin of concentrations 0.01
EU/ml, 0.05 EU/ml and 0.1 EU/ml (frequency 12 Hz — 18 kHz); (c) Impedance
spectra real and imaginary part for standard endotoxin of concentrations 0.01 EU/ml,
0.05 EU/ml and 0.1 EU/ml (frequency 12 Hz — 18 kHz) and (d) Current sensitivity
measurement of standard endotoxin of frequency 12 Hz — 18 kHz.......................... 145
Figure 6.34: Normalized current sensitivity for different concentrations at different
frequency of 100 Hz and 1 KHZ ........oooovviieiiiii e 146
Figure 6.35: Results of curve fitting showing Nyquist plot (a) and Bode plot of standard
endotoxin of 0.01 EU/ml in the frequency range of 12 Hz — 18 kHz showing (b) the
phase angle, (c) and (d) showing real and imaginary parts respectively. Experimental
impedance spectra are presented by the squares and the optimization parameters
using non-linear least squares method are indicated by solid lines. ........................ 146
Figure 6.36: Results of curve fitting showing Nyquist plot (a) and Bode plot of standard
endotoxin of 0.05 EU/ml in the frequency range of 12 Hz — 18 kHz showing (b) the
phase angle, (c) and (d) showing real and imaginary parts respectively. Experimental
impedance spectra are presented by the squares and the optimization parameters
using non-linear least squares method are indicated by solid lines. ............cc..ce..... 147
Figure 6.37: Results of curve fitting showing Nyquist plot (a) and Bode plot of standard
endotoxin of 0.1 EU/ml in the frequency range of 12 Hz — 18 kHz showing (b) the
phase angle, (c) and (d) showing real and imaginary parts respectively. Experimental
impedance spectra are presented by the squares and the optimization parameters
using non-linear least squares method are indicated by solid lines ..........c...c...c...... 148
Figure 6.38: (a) Results of absorbance at 545 nm using Spectrophotometer; (b) Results
of double layer capacitance, Cq for different concentrations; (c¢) Results of
adsorption capacitance, C,q for different concentrations; (d) Warburg impedance, Zy
for different concentrations, (e¢) Charge transfer resistance, R for different
concentrations; and (f) Solution resiatance, Rg for different concentrations........... 150
Figure 6.39: AFM images of non-coated electrode .............ccceveeirierienienieneninereeeees 152
Figure 6.40: AFM images of a single layer of dip-coating precursor silica with APTES
and PmB immobilization ............coooiiiiiiiiiii e 152
Figure 6.41: AFM images of a single layer on z-axis to measure thickness coating of; (A)
Non-coated electrode (=700 nm) (B) Coated electrode (1000 nm)........................ 152
Figure 6.42: Current measurement at two different frequencies for different thickness

layers Of COAtEA SENSOTS. ..c..eeuiruiiriieiiiiiesieete ettt 153

xxil



Figure 6.43: Nyquist plot of different thickness layers with 0.05 EU/ml of endotoxin
(frequency 55 HZ — 100 KHZ)....oooviieiiiiiieiieie et 154
Figure 6.44: (b) Bode plot showing Impedance (Z) and Phase Angle of different
thickness of coated sensors and (b) Impedance spectra showing real part and

imaginary part of different thickness of coated sensors with endotoxin (0.05

Figure 6.45: Nyquist plot of different concentration of endotoxin for 3-layer coated
SEIISOT .eutteuiteeeuttee ettt e et e e eat e e e ae e eaat e sabt e e ea bt e e eabt e e eab et e sab e e e st e e e bt e e e bt e e sabbe e e bt e e nabaeea 155
Figure 6.46: (a) Bode plot showing Impedance (Z) and Phase Angle of different
concentration of endotoxin for 3-layer coated sensor and (b) Impedance spectra of
different concentrations of endotoxin for 3-layer coated sensor; Real part and
IMAZINATY PATT ....eiiitieiie et ettt et et e e st e be e et e et e sabeenaeeenee 156
Figure 6.47: Normalized current sensitivity for different concentrations of 3-layer sensor
at different frEQUENCY ......cviiviiiiiieiiee et et 156
Figure 6.48: Nyquist plot of different concentration of endotoxin for 5-layer coated
SEIISOT .uttteeuiteeeuttee ettt e eatteesuteeeutee ettt e sabt e e eabt e e eabbeeeabeeeaabee e st e e e bt e e eabbeesabbeeebteenabeeena 157
Figure 6.49: Bode plot showing Impedance (Z) and Phase Angle of different
concentration of endotoxin for 5-layer coated sensor and (b) Impedance spectra of
different concentrations of endotoxin for 5-layer coated sensor; Real part and
IMAZINATY PAIT ...ttt ettt et sttt et et nbeeaeens 157
Figure 6.50: Normalized current sensitivity for different concentrations of 5-layer sensor
at dIfferent fTEQUENCY ...eeiiiieeiiecie e e e 158
Figure 6.51: (a) Nyquist plot showing result of testing sensor for stability and
reproducibility after multiple measurements (endotoxin 0.01 EU/ml) (b) Current

measurement at frequency of 100 Hz and 1 kHz with respect to number of repetition

Figure 7.1: Nyquist plot showing (a) Non-contaminated and contaminated milk with
endotoxin (0.05 EU/ml) and (b) Non-contaminated and contaminated drinking water
(DW) with endotoxin (0.05 EU/ml) and Bode plot of impedance spectra showing (c)
Real part and imaginary part of non-contaminated and contaminated milk with
endotoxin (0.05 EU/ml) and (d) Real part and imaginary part of non-contaminated
and contaminated drinking water (DW) with endotoxin (0.05 EU/ml) .................. 162

Figure 7.2: Nyquist plot showing (a) Non-contaminated and contaminated cucumber

with endotoxin (0.05 EU/ml) (b) Non-contaminated and contaminated beef with

xxiii



endotoxin (0.05 EU/ml) and (c) Non-contaminated and contaminated chicken with
endotoxin (0.05 EU/ml). Bode plot of impedance spectra showing (d) Real part and
imaginary part of non-contaminated and contaminated cucumber with endotoxin
(0.05 EU/ml) (e) Real part and imaginary part of non-contaminated and
contaminated beef with endotoxin (0.05 EU/ml) and (f) Real part and imaginary part
of non-contaminated and contaminated chicken with endotoxin (0.05 EU/ml) ...... 163
Figure 7.3: Current measurement for food samples test of non-contaminated sample and
sample contaminated with 0.05 EU/ml of endotoxin at 100 Hz and 1 kHz............. 165
Figure 7.4: Percentage of sensitivity measurement of normalized current measurement of
different contaminated food samples at 100 Hz and 1 kHz ..........c.ccccvveviiniinnennnen. 165
Figure 7.5: Nyquist plot showing contaminated DW with 0.05 EU/ml at different
temperatures (Room Temperature 20°C - 25°C) ..ovvivviiiiiiieeiieeiieeieeeee e 166
Figure 7.6: (a) Bode plot showing Impedance (Z) and Phase Angle for contaminated
DW with 0.05 EU/ml at different temperatures and (b) Impedance spectra of real
part and imaginary part of contaminated DW with endotoxin at different
temperatures (Room Temperature 20°C - 25°C) .ooviiiiiiiieiiiieieeeeeeeeee e 166

Figure 7.7: Current measurement of contaminated drinking water at different

EEIMPETALUTES. ...eetieiiieiieeieeeit ettt ettt et et s et e e sbe e sane e e e saneenees 167
Figure Al.1: The front panel of the LabVIEW program. ..........cccccevvevievenenenenennennnns 191
Figure Al.2: The impedance measurement Plane............ccoeeeeeeeeierienienienesese e 192

Figure Al.3: Block function to measure Impedance, Z and phase angle, 6 and to

calculate the Real and Imaginary COmponents. ..........ccceevereruenienenieneenieneeneene. 193
Figure Al.4: Block function to set frequency StePS.......ceveeveerreerierierieeieeeeie e 193
Figure A1.5: Block diagram of the Main.vi.........ccceeereriririnieieieieeesese e 194
Figure A2.1: Block function of Open.vi to initiate RS232 connection .............cccceev...... 196
Figure A3.1: Block function of Close.vi to terminate RS232 connection....................... 197
Figure A4.1: Block function of Set Speed.vi for speed measurement selection............. 199
Figure A5.1: Block function of Set Frequency.vi for test frequency..........ccccveveruennee. 201
Figure A6.1: Block function of Set Mode.vi for measurement mode ............cccceeveenenne. 203
Figure A7.1: Block function of Start Measurement.vi to start measurement ................. 206

Figure A8.1: Block function of Execute command.vi to execute each command in the

PTOZTAIN c.utteeaiieeeitee ettt e ettt e et e e et e e et e e sabeeesabeeeateeesbeeeasbeeensbeeeabbeesnbeeesaseeesaseeenaneens 207

XxXiv



List of Tables

Table 1.1: The estimates of foodborne illness due to microbial hazards from four
countries; USA, Australia, England and Wales and Netherlands. ..............cccccvennenne. 2
Table 1.2: The potentially foodborne conditions in the New Zealand Foodborne Disease
Annual Report 2010, ....cooeiiieiiieeie ettt e eae e eaaeeen 3
Table 1.3: The economic cost caused by foodborne diseases in New Zealand, 2009 ($
TNLTION) ettt ettt e et e et e e b e e b e e abeesaeenseessseenseensseenseennsaans 3

Table 1.4: Foodborne diseases in New Zealand (2009): Based on notified and estimated

TNCIACIE CASES . 1.veeiiieiieeitieeiie ettt ettt et e st e et et e et esat e e bt e s beeeateesbeeenbeesseeenbeenaeeenne 6
Table 1.5: Some of the documented In-Vitro effects of endotoXin...........cccceeveevreeeenennen. 10
Table 1.6: Summary of existing methods on E. coli detection .............cccoeevvvievrieieenennne. 15
Table 1.7: Summary of existing methods on Salmonella detection...............cccveevveenenee. 16

Table 2.1: Calculated capacitance from the modelling using COMSOL multiphysics for

INEETAIGITA] SETISOTS ..e.ntiiiiieiieiie e ettt e b ens 43
Table 2.2: Conventional interdigital Sensor parameters............ccceevveeeeereeveeeeerreeeeereenne. 46
Table 2.3: Novel interdigital SENSOr Parameters...........ccuevveerveeeerreerieeeesreeeeereesreeeeeeeennes 48
Table 3.1: Specifications LCR 821 ......ccoiiiiiiiiiiiiiieieeeeeee e 60

Table 3.2: Detail description of fixture connection of LCR-06A 4 wire leads kelvin..... 61
Table 3.3: LabVIEW program constructions for auto-measurement and the appendices 63
Table 6.1: Results of the calculated parameters, percentage of errors and residual mean

squares from non-linear least squares fitting for LPS concentrations of 0.1 pg/ml —

LOO LLE/MLL it ettt ettt ettt et et e et nnees 135
Table 6.2: Contents of ToxinSensor " Chromogenic LAL Endotoxin Assay Kit ........ 138
Table 6.3: Required sample preparation for endotoXin teSt ..........ccevververiererererenennens 139
Table 6.4: LPS preparation for endotoXin teSt .........cccvevveriereeiienienieeieeiesieeieeeeseeenen 142
Table 6.5: Absorbance of Standard Endotoxin at 545 nm .........cccccceveviveneiineeeeenens 143

Table 6.6: Results of the calculated parameters and percentage of errors from complex

non-linear least squares fitting for standard endotoxin of concentrations between

0.01 EU/MI — 0.1 EU/ML .ottt 149
Table 6.7: Thickness measurement of different layers of dip-coated sensors ............... 153
Table A2.1: Command syntax to initiate RS232 connection.............ccccecvevveevesureeneennn. 195

XXV



Table A2.2: Command syntax for online function queries of RS232 connection status 196
Table A3.1: Command syntax for terminate RS232 connection ...........c.ccceeevevveerveenennnn. 197
Table A4.1: Command syntax to set measurement Speed............ccvevveereeireeeesreerieeneenne. 198
Table A5.1: Command syntax to set test freqUENCY .......ccceveveeieriieiieieeeeeeeeeie e 200
Table A6.1: Command syntax to S€t MOAE .........cceeeerrieriieieiiieieeieeieeie e 202
Table A7.1: Command syntax for start measurement.............c..cceevveeevereerreeeesreerieeeennes 204
Table A7.2: Command syntax for primary measurement..............c.ccveeeeereeeeereerueeneenne. 204
Table A7.3: Command syntax for primary measurement exceeds measurement range .205
Table A7.4: Command syntax for both primary and secondary measurements exceeds

MEASUTCINETIE TATIZE ..vvveeueveeeireeriteeeereeesereeeereeasreessseeasseeesseesssseesssseessseessseessseesns 205
Table A7.5: Command syntax for secondary measurement ..............ceceevereeeeereeeenennnns 205

Table A7.6:

XXV1

Command syntax for secondary measurement exceeds the measurement



SEAT
LPS
PmB

E. coli

VTEC

STEC
DNA
PCR

ELISA
LAL
FDA

EU
LOD

AMP
SPR
FTIR

ISE
ISFET
EIS
IS
AC

QCM
SAW
NMR
SNR
IDTs

IDAM
IDES

EC
MUT
DUT

Abbreviations

School of Engineering and Advanced Technology

Lipopolysaccharide

Polymyxin B

Escherichia coli

Verotoxin-producing Escherichia coli
Shiga Toxin-producing Escherichia coli
Deoxyribonucleic Acid

Polymerase Chain Reaction

Enzyme Linked Immunosorbent Assays
Limulus Amoebocyte Lysate

United States Food and Drug Administration
Endotoxin Unit

Limit of Detection

Antimicrobial Peptides

Surface Plasmon Resonance

Fourier Transform Infrared Spectroscopy
Ion-Selective Electrodes

Ion-Sensitive Field Effect Transistors
Electrochemical Impedance Spectroscopy
Impedance Spectroscopy

Alternating Current

Quartz Crystal Microbalance

Surface Acoustic Wave

Nuclear Magnetic Resonance

Signal to Noise Ratio

Interdigital Transducers

Interdigitated Array Microelectrode
Interdigitated Electrode Structures
Electrolyte Conductivity

Material Under Test

Device Under Test

XXVii



dH,O
APTES
NaCl

LPSOl111:B4

CNLS
PCA
PC
SAS
SEM
AFM

Sensor 1 11
Sensor 1 5
Sensor 1 3
Din_10mil
Din_20mil

Din_40mil
FR4

Alumina-Al,O5

PCB
PR
MEMS
Si
Si0,
TMAH
Cr
Au
Si3Ny4
PECVD
RIE
LCR 821

XXviil

Distilled water

3-aminopropyltrietoxysilane

Sodium Chloride

Lipopolysaccharides from Escherichia coli O111:B4
Complex Non-linear Least Square

Principal Component Analysis

Principal Component

Statistical Analysis Software

Scanning Electron Microscope

Atomic Force Microscope

Sensor with eleven negative electrodes in between two positive
electrodes. The configurationis 1 11 1

Sensor with five negative electrodes in between positive electrodes. The
configurationis 1 5 1 5 1

Sensor with three negative electrodes in between positive electrodes. The
Conventional interdigital sensor design of pitch length 10 mil
Conventional interdigital sensor design of pitch length 20 mil
Conventional interdigital sensor design of pitch length 40 mil
Fiberglass reinforced epoxy laminates for PCB fabrication
Aluminium Oxide

Printed Circuit Board

Photo Resist

Micro-electromechanical Systems

Silicon

Silicon Dioxide

Tetra-Methyl Ammonium Hydroxide

Chromium

Gold

Silicon Nitride

Plasma enhanced chemical vapour deposition

Reactive ion etching

Measuring instrument for impedance (inductance, capacitance and



RS232
HFORCE
LFORCE
HSENSE

LSENSE

GND
CPE
PDEs
R

< O 0

mugq;N—h.-

)
S

Nyquist
Bode
MilliQ

resistance)

Serial communication port

Carries the signal current source. Connected to the +ve side of the DUT
Accepts the signal current return. Connected to the —ve side of the DUT.
Together with Lsense, monitors the Potential,V. Connected to the +ve
side of the DUT.

Together with Hsense, monitors the Potensial, V. Connected to the —ve
side of the DUT

Electrical ground

Constant Phase-Element

Partial differential equations

Resistance

Capacitance

Charge

Voltage

Current

Frequency

Impedance

Phase Angle, theta

The electrostatic energy density

The electric displacement

The electric field intensity

The permittivity of vacuum which sets to be 8.854x10 F/m

The relative permittivity

The permittivity

The angular frequency

Ultra-violet

Data presentation in complex impedance plot

Data presentation as a function of frequency

Ultra-pure water which undergo the proses filtration and deionisation that
has been characterised in terms of resistivity (typically 18.2 MQ-cm)
Potential of hydrogen

Hydrogen ions

XXIX



Na2B4O7* 1 0H20

NazHPO4.2 HzO

XXX

OH"
Coating A
Coating B
Coating C
Coating D

H3;BOs

KH,PO,
TEOS
EtOH

HCI
Cai
Rs
Ret
Zw
Ow

Cad

Hydroxide ions

Electrospun membrane of Carboxylic functional polymer
Spin coated Carboxylic functional polymer
Dip-Coated silica coating funcitonalized with APTES
Dip coated silica with Thionine

Sodium Tetraborate

Boric Acid

Disodium Hydrogen Phosphate

Potassium Dihydrogen Phosphate
Tetraethylorthosilicate

Ehanol

Hydrochloric Acid

Double-layer capacitance

Solution resistance

Charge/electron transfer resistance

Warburg impedance

Warburg coefficient

Adsoption capacitance





