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Abstract

ABSTRACT

The aim of this thesis project was to develop polymer microbead-based Raman/surface
enhanced Raman scattering (SERS) immunoassay systems for the multiplex, specific and
sensitive detection of biological molecules. Immunoglobulin G (IgG) was used as model
proteins. In the system, gold nanoparticles (AuNPs) serve as SERS-active substrates.
Different Raman-active molecules, such as 4-mercaptobenzoic acid (4AMBA), can be easily
self-assembled on the AuNPs as SERS tags. Polymer microbeads offer as immune-solid
supports and provide Raman signatures. This study focused on the fabrication of different
SERS tags, SERS-active microbeads and Raman spectroscopic-encoded microbeads for

microbead-based Raman/SERS immunoassay development.

Polymer microbead-based Raman/SERS immunoassay system was first developed using
50 nm AuNPs and 130-600 pm carboxylated polystyrene (PS) microbeads synthesised by
suspension polymerisation. Antibodies (FITC-labelled donkey anti-goat IgG) were
conjugated to polymer microbeads by EDC/NHS coupling chemistry. The SERS tags were
comprised of Raman-active molecules (4AMBA) and AuNPs. Antigens (DyLight™649-
labelled goat anti-human IgG) were successfully conjugated on SERS tags to form SERS
reporters. The immunoassay was performed by mixing the protein conjugated polymer
microbeads and SERS reporters together. Due to the specific recognition between antibody
and antigen, AuNPs can be attached on the surface of polymer microbeads. The results

were verified using fluorescence imaging and Raman/SERS analysis.

Since flow cytometry can rapidly sort large number of cells and particles in a short time,
our intention was to take the advantages of both flow cytometry and Raman effects to
develop Raman flow cytometry for multiplex and rapid detection. Therefore, monodisperse

polymer microbeads with unique Raman signatures need to be synthesised. The
v
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preparation of the monodisperse polymer microbeads with specific Raman signatures was
carried out by two approaches. Firstly, the SERS-active microbeads were synthesised by
the deposition of AuNPs on the surface of polymer microbeads and the addition of the
Raman-active molecules prior to silica coating. The preparation of polystyrene
microbead/AuNP composite microspheres was achieved through two methods (direct
adsorption and in-situ growth). The mechanism for the silica coating of polystyrene/ AuNP
composite microspheres was discussed in details. 4-mercaptophenol (4MP) was self-
assembled on the composite microspheres, followed by silica coating to obtain the SERS-

active microbeads.

Secondly, the Raman spectroscopic-encoded copolymer microbeads were fabricated using
styrene (Sty), 4-tertbutylstyrene (4tBS), and 4-methylstyrene (4MS) by dispersion
polymerisation. Acrylic acid (AA) was used as the co-monomer to generate carboxyl
groups on the surface of polymer microbeads. Six kinds of copolymer microbeads with the
average diameters between 1.07 and 1.69 um, including poly(Sty-AA), poly(Sty-4tBS-AA),
poly(4tBS-AA), poly(Sty-4MS-AA), poly(4MS-AA), and poly(4tBS-4MS-AA), were
synthesised with narrow size distribution and unique Raman fingerprints, which could be
employed as spectroscopic-encoded microbeads in microbead-based Raman/SERS

immunoassay system.

Monodisperse polystyrene microbeads with 1.6 um diameter were also used to perform the
polymer microbead-based Raman/SERS immunoassays. A similar immunoassay system as
previous was applied for IgG recognition based on AuNPs and monodisperse PS

microbeads, which were sorted and analysed using flow cytometry and Raman equipment.



Abstract

In summary, the thesis proposed a new strategy for multiplex detection and reported the
preliminary studies on polymer microbead-based Raman/SERS immunoassay. Different
SERS-active microbeads and Raman spectroscopic-encoded copolymer microbeads have

been successfully synthesised.

VI



Table of contents

TABLE OF CONTENTS

DECLARATION ...uciiiitininicnicissensesssnssnssissississssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssons I
ACKNOWLEDGEMENTS ...ccuiiiininsinsinsnnssnsnississisissssssssssssssssssssssssssssssssssssssssssssssssssssssns I
ABSTRACT  iciiiniininisnisisisssssssssssssssississssssssssssssssssssssssssstossossssssssssssssssssssssssssosess v
TABLE OF CONTENTS ..ccoiiniintiniisninissisississessssssssssssssssssssssssssssssssssssssssssssssssssssessossss 41!
LIST OF FIGURES ......ccuiiiiiininintnnissississisisssssssssssssssisssssssssssssssssssssssssssssssssssssossses XII
LIST OF TABLES .....couitiiiniiininsinstnsnnssississississsssssssssssssssssssssssssssssssssssssssssssssssssssanes XVII
ABBREVIATIONS ...cucoiiiiitinisnississississsssssssssssssssssssissssssssssssssssssssssssssssssssssssosssssss XVIII
CHAPTER 1 INTrodUCHION ccucecueeeveecsueisseecsaensnesssenssnnsssessessssesssnssssssssassssesssssssassssassssessssses 1
1.1 BacK@rOUNA......ccooiiiiiiiiiiie ettt ettt ettt ettt et aae e e e enneas 2
1.2 AIMS aNd ODJECHIVES ....eeiuiiiiieiiieiieiie ettt ettt ettt e b e ae b e saaeesbeeseseenseas 5
1.3 Thesis OULHNE .....ccueriiiieiieiieteeteeee ettt ettt s 6
CHAPTER 2 Literature ReVIEW.....cueieeiiensseeisnenssencsnenssensssesssnssssesssessssesssassssssssassssessssses 8
2.1 Surface Enhanced Raman Scattering (SERS)........ccccoooiiiiiiiiiiiiiiiiceeeee, 9
2.1.1 RaMAN SCAMETINE .....veeiuiieiieeiiietieeiteeiteeteettesteesteesateebeeseaeeseesaseenseesnseenseesnseens 9
2.1.2  Surface Enhanced Raman Scattering............ccoceevveerieeciienieniienie e 11
2.1.3 Enhancement Mechanisms and Effective Enhancement Factors...................... 13
2.1.3.1 Enhancement MeChaniSms ..........ccccevuerieriienienienienieeienieeeeee e 13
2.1.3.2 Effective Enhancement FaCtOrS........ccocueviiviiriinieniiiieneeiccesceeeee 16

2.2 Specific SERS-aCtiVe SYSEIMS ...c.veeruiieiieriiieiieriieeieesee ettt e 18
2.3 Gold Nanoparticle-based SERS Substrates ...........cccevcveriiiiniiiiiienieiiieieeieeee 22
2.3.1 Preparation of Gold Nanoparticles ...........ccceeviieiiienieeiiienieeieeee e 22
2.3.2 Mechanisms of Gold Nanoparticle Growth ...........cccccoeeieriiiiiiniiiiieieieee, 24
2.3.3 Surface Plasmon Resonance of Gold Nanoparticles...........cccceevveeciieneeneennnen. 25
2.3.4 Self-assembled Monolayers of Gold Nanoparticles/Structures............c..c....... 28

2.4 Applications of AuNPs and SERS on Immunoassays..........ccccceeeeverveneenieneennnnn 31
2.4.1 Immunoassay and Multiplex Detection ............cccceevieeciieniieniienieeieeee e 31
2.4.2 Development of SERS-based Immunoassays............cccceevueeeiieneeecieeneesveennnn. 33
2.4.3 SERS Reporters for SERS-based Immunoassays...........ccceeveveereeeveeneenvennnen. 34
2.4.4 Capture Substrates for SERS-based Immunoassays...........cccceevveeeieenueenveenen. 36
2.4.4.1 Solid Surface-based SERS Immunoassays..........ccccceevveerreerieenieenieenneennnn. 36
2.4.42 Living Cell-based SERS Immunoassays............ccceeveerueerreenieeneeenieenneennnn. 38

VII



Table of contents

2.4.43 Particle-based SERS Immunoassays..........cceceevueerieeniienieenieenieenieesveenenn 39

2.5 Polymer Microbead Synthesis and Applications...........cccceveevverieneriieneeneeieneenn 41
2.5.1 Fundamentals of POlymeriSation ............ccoeceeviieiieniieeiieiie e 41
2.5.1.1 Suspension PolymeriSation..........ccceceerieeriienieeniienieeiienreeiee e evee e eneees 41
2.5.1.2 Emulsion POlymeriSation ..........ccceeceeriieiiienieeniienieeieeere e eee e 42
2.5.1.3 Precipitation POLlymeriSation ...........ccccecueevuieniieiiienieeiieeie e 43
2.5.1.4 Dispersion POlyMEriSation ..........cccccceereeeriienieeniienieeiieeie e sve e seve e 43
2.5.2 Applications of Polymer Microbeads on Immunoassay ............ccccceceevueeuennene 44
2.5.2.1 Pure Polymer Microbeads ...........ccooieriieiienieeiieeieeitecee e 44
2.5.2.2 Fluorescence MICrobeads ...........ccoeevuirieniiinienienieieeienieeieeee e 45
2.5.2.3 Infrared/Raman and SERS Microbeads ............ccceveeverieninneniinenienene 46
CHAPTER 3 MethodolOoy ......ccceevricisnicssnicssnicssnnissssnesssssessssssssssssssssssssssssssssssssssssssssss 48
3.1 Synthesis of Gold NanopartiCles ..........cceeceeriieriieniieiiienieeiie et 49
3.2 Synthesis of Polymer Microbeads ...........cccceeviieiiieniieiiienieeiiecie e 49
3.3 Characterisation TeChNIQUES..........cccuieriieriienieeiieeiie ettt 51
3.3.1 Ultraviolet-Visible ANAlLYSIS .......ccccveriieiiiiiieeiierieeieeee e 51
3.3.2 Transmission Electron MiCIOSCOPE .......ceevieeruierieeiiienieeiieeiie et eve e 51
3.3.3 Scanning Electron MICTOSCOPE .......eevueieiieriieeiieeieeiieeieeitesiee et eve e 51
3.3.4  Raman SPECIIrOMELET ........uiiiiiiiiiiieriieeiiee ettt eitee et e e s e e sbeeesaaeees 52
3.3.5 Confocal Raman MiCTOSCOPE.......ccuverurieriieriieeiieniieeiienieeieesireeseesireeaeessseenseas 52
3.3.6  Fluorescence SPeCtrOMELET .........cccuieruiieiiieriieeiienieeieeseeeieesereeteeeeteeieeseseeneees 53
3.3.7 Fluorescence MICTOSCOPE ......eevueeerieriieeiieniieeiieseteeteesieeenteeseeesseessseenseessseenseas 53
3.3.8  FLOW CYLOMELIY ..eeeuiiieiiieiieeiieiie ettt ettt et ae et e eenseesibeenseessbeenseas 53

CHAPTER 4 Polymer Microbead-based Surface Enhanced Raman Scattering

IMMUNOASSAYS cocevurriessrrenssrncssssncssrncssssnsssssssssssesssssesssssssssssossssssssssssssssssssssss 54
STATEMENT OF AUTHORSHIP ......cooiiiiiiiiiieteeeeeeeee e 55
ABSTRACT ..ttt ettt ettt st a sttt e et e sbe st enes 56
4.1 TNETOAUCTION. ....eiiiiiiieiieriteie ettt ettt sttt sbe et et st e b eaeesae e 57
4.2 Experimental SECHION ........cccuiiiiiiiiiiiieeiieie ettt e 60

421 MALETIALS c..eeitiiiieieeee ettt 60
4.2.2 Functional PS Microbead Synthesis ...........cccceevuieriiniienieniieiieeieeiee e 61
4.2.3 Bioconjugation of Antibody to Microbead Surface.........c..ccoceveeveniiniincnnens 61

VIII



Table of contents

4.2.4  AUNP Preparation .........ccoeceeeiieniieniieniiesieeiee et esite e seeesteeaeesaeeseesnaeeseenens 62
4.2.5 Self-assembly Monolayer and Antibody Absorption on AuNP Surface........... 62
4.2.6  IMMUNOASSAYS...ceerutiiiriiieeiiieeiieeeiteeeitteesiteesteeesaeeesabeeesateessaseesssseesseeesnseeenases 62
4.2.7  EQUIPIEIL ....eiiiiiiiiieiieeieeite ettt e ete et e eereeteeeteeteessbeesaesabeesseessseeseesnseenseennns 63
4.3 Results and DISCUSSION ...c..evuviruiiriiriieniiiieeiiesieeteeite sttt ettt 63
4.3.1 AuNPSs and Their SAMS ....c.oooiiiiiiiiiieiieseeestee ettt 63
4.3.2 Polymer Microbeads and Surface Bioconjugation .............ccceeceevieeniienieenenne. 71
4.3.3  IMMUNOASSAY ...eeeeiiiieiiiieeiiieeitee ettt e ettt e et e e sbeeesteeesibeeesabeesaseessseesnsaeesnseeenanes 76
4.4 SUINIMATY ...eeiniiieeiiieeitee ettt ettt e stt e e st e e ateeesabee e ateeesbeesateesssbeesaseeesnsaeesaseeennseeas 80

CHAPTER 5 Fabrication of Monodisperse SERS-active Substrates by

Deposition of AuNPs on Polystyrene Surface..........ccccvevcercscneecscnrccsnnnes 82

5.1 TIOAUCHION. ....eiiiiieiieiect ettt et ettt 83
5.2 EXperimental SECTIOMN .......ccciiiiiiiiieiiieiie ettt ettt e e e saae e e 85
52,1 MALETIALS ..eouviiiiiiiiieeieeeee et 85
5.2.2  Synthesis of Polystyrene Microbeads............ccceeiieriieniiiriienieiiieeieeee e 85
5.2.3 Preparation of PS/AuNP Composite MiCroSpheres............cceceevverieenueenveenen. 86
5.2.3.1 Method A-Direct AdSOTPLION ......eevuvieiieriieiieeii ettt 86
5.2.3.2 Method B-In-situ GTOWth.......ccceeviiiiiiiiiiiiiiieceeeeee e 87
5.2.4 Preparation of SERS-active PS/AuNP Composite Microspheres..................... 87
5.2.5 INSTUMENTATION c..eouviiiiiiiiieiiieeteeie ettt ettt st nbe s 87
5.3 Results and DISCUSSION ..c.eevuieiiriieniiiiiniierieeieet ettt 88

.......................................................................................................................... 88

5.3.2 SERS Properties of PS/AuNP Composite Microspheres............ccccceerueerevense. 94

5.3.3 Detection Limit of PS/AuNP Composite Microspheres............ccccecvverueenerenne. 97

5.3.4 Effect of Deposition Methods and Different Microbeads ............cccceeueeeueenneee. 99
5.3.5 SERS Properties of Composite Microspheres by Different Methods and

Different MicrobEads ........cccueeieriiiiiiiiiniiiieeieeeeteeee e 104

54 SUIMIMATY c..uetieiiiieiiieeeite ettt ettt e ettt e et e e st e e e s bt e esabee e sbeessbeessseesasaeesnseeenns 106

CHAPTER 6 Silica Coating of Polystyrene/Gold Nanoparticle Composite
Microspheres for SERS-active Microbead Development..................... 107
0.1 TNIOAUCTION. c. .ottt ettt st 108



Table of contents

6.2  EXperimental SECTON .......cccuiiiieriieeiieiie ettt ettt saeebeesbeeseesaae e 110
0.2.1  MALETIALS ..eouviiiiiiiieiieteet ettt 110
6.2.2 Synthesis of Polystyrene Microbeads ............cccoevieriiinieniiieniienieeie e 111
6.2.3 Preparation of PS-COOH/AuNP Composite Microspheres .............c.ccouu.e... 111
6.2.4 Silica Coating of PS-COOH/AuNP Composite Microspheres....................... 112
6.2.5 Silica Coating of SERS-active PS-COOH/AuNP Composite Microspheres.. 112
6.2.6 Antibody Immobilisation of SERS-active Microbeads ...........cccceecuerienuennnene 113
0.2.7  CRaracteriSAtIONS......c..evuieriiiieriiertieie ettt ettt sttt sbe e e 113

6.3 Results and DIiSCUSSION ..c..eeviruieriiiiiniieieeieeit ettt 115
6.3.1 Preparation of PS-COOH/AuNP Composite Microspheres .............c.ceeuvee... 116
6.3.2 Effect of Deposition Time on Silica Coating...........ccceccvevieeriienieenienieeeeene 117
6.3.3 Effect of Ammonia Concentration...........cecceveveveerierieneenienienieeieeieseeseeseens 121
6.3.4 Effect of Water Concentration ..........c.ceeeeveereeneenieniieneenienieneeieeee e 123
6.3.5 Effect of TEOS Concentration..........cocueveeviirienieenienienieeie e 125

6.3.6 Proposed Mechanisms for the Silica Coating of PS-COOH/AuNP Composite
IMICTOSPRETES ....cevieniieeiiieiie ettt ettt et et e et e st e e bt e esbeebeessbeenbeessseensaesasaens 126
6.3.7 Silica Coating of SERS-active PS-COOH/AuNP Composite Microspheres.. 128
0.4 SUIMIMATY ....evieiiiieiiieeeite ettt te et ee et e et e et e e sabeeesabeeesabeeesabeesaseessseesnneesaseeenns 130

CHAPTER 7 Preparation of Raman Spectroscopic-encoded Microbeads by

Dispersion Polymerisation...........cceeeeicricisencnssnncsssnrcssnncsssnncsssssssssesnns 132

Tl TEOAUCHION. ¢ttt sttt et sbe et st 133
7.2 EXperimental SECTOMN .......cccviiiieriieeiieiie et eite ettt ettt e saeebeessbeeseesaaaens 136
T.2.1 MALETIALS ..ottt ettt ettt et 136
7.2.2 Preparation of Copolymer Microbeads by Dispersion Polymerisation .......... 136
7.2.3  CRaracteriSAtION .......ccuevuieriieiieriienieeie ettt ettt ettt e sbeeae s 136
7.3 Results and DISCUSSION .....eeviruieriiiiiniieieeieeiteieete ettt 137
7.3.1 Poly(Sty-4tBS-AA) Microbeads.........cccceerieriieniienieeiieeie et 139
7.3.2  Poly(Sty-4MS-AA) Microbeads ..........cccueeruieriieriienieeiieeie e 147
7.3.3 Poly(4tBS-4MS-AA) MiCTObEadS .......cccuerriieriieiieeieeiieeie e 151
T4 SUIMIMATY c..oevieiiiieiiieeeite et te et te e etee st esite e ettt e sabeeesabeeesaseeenaseeesseessseesseeesnseeenns 153

CHAPTER 8 Polystyrene Microbead-based Immunoassays using Flow
Cytometry and Surface Enhanced Raman Scattering..........ccceeeeueeeee 155

X



Table of contents

8.1 INTOAUCIION....cueiiiiiieiiciiet ettt sae et 156
8.2 EXPerimental SECHION .......cciiiiiiiiieieeiteeiie ettt ettt et 158
8.2.1  IMALETIALS ..ttt ettt 158
8.2.2 Preparation of Carboxylated Polystyrene Microbeads ...........ccccceveerervennnnne 159
8.2.3  Preparation Of AUNPS ......coooiiiiiiiiiiiieeee e 159
8.2.4 Conjugation of Antibodies with Polymer Microbeads ............cccccvvevueriennnne 160
8.2.5 Absorption of Antibodies to AuUNP surface.........cccceeeeeviieiiienienciieieeieee. 160
8.2.0  IMIMUNOASSAYS .. .veeeerieiiitieeiieeeiiee ettt e ettt e et e e steeesibeeesabeeesareesnteesbaeesnbeeesaseeas 161
8.2.7  CharacCteriSAtION .........eeeerueeiieriienteeie sttt ettt ettt ettt st ettt et e i 161

8.3  Results and DiSCUSSION .....evuieiiriiriiiiieieriieie ettt 162
8.3.1 PS Microbead Synthesis by Dispersion Polymerisation...............cccceveeuvennee. 162
8.3.2 SERS Reporter FOrmation ...........ccoecuierieeiiienieeiienieeieeice et 165
8.3.3 Immunoassays without AUNPS/4AMBA..........cccecoieriieiiieieeieee e 165
8.3.4 Immunoassays with AUNPS/AMBA .........cccooviiiiiiiiieeieeceeee e 168
8.3.4.1 Flow Cytometric ANalySiS.......cccueeiiiiriieiiieiiieiieeie et 168
8.3.4.2 RaAMaN ANALYSIS.....ccoiiiiiiiiiieiiecie ettt 171

B4 SUIMIMATY ....eiiiiiieiiiie ettt ettt ettt e et e et e e e bt e et e e satteesnbteesabeeesabeeesaseeenns 172
CHAPTER 9 Conclusions and Recommendation...........ceeineecsecsseecsenssacsseecsssecsaenes 174
0.1 CONCIUSIONS. ...ttt ettt sttt ettt eatesbeeaesatens 175
9.1.1 AuNP Synthesis and Their SAMS .......ccccoeviiriiienienieeee e 175
9.1.2 Raman-active Polymer Microbead Preparation..........c.ccecceveveveenienieneenennene 176
9.1.3 SERS-active Polymer Microbead Development.............ccccoeveevieenienieenenne. 177
9.1.4 Microbead-based Raman/SERS Immunoassay System Development............ 177

9.2 Recommendation for Future Work.........ccccoceviiiiniininiiniiiieeeeceseeene 179
9.2.1 Fabrication of Different SERS-active Microbeads...........ccccoveeveeriienirenennne. 179
9.2.2 Development of Multiplex Immunoassay System.........ccccceceveeverieneenennene 179
9.2.3 Build-up of Raman Flow Cytometry SyStem ..........cccccceevciieriienieenienieeneene 180
REFERENCES ....cuuitiiiiinininsinsnnssissississississsssssssssssssssssssssstsssssssssssssssssssssssssssssssossses 181
APPENAIX crrrriiniicnnttiensntncsntessssnssssstesssstsssssssssssssssssssssssssssssesssssesssssesssssessssssssssssssns 199

XI



List of figures

Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8
Figure 2.9

Figure 2.10
Figure 2.11
Figure 2.12
Figure 3.1
Figure 4.1

Figure 4.2

Figure 4.3

LIST OF FIGURES

Energy level diagram for Raman scattering and Rayleigh scattering.............. 11

Simple graphical illustration of the reason that light polarised with the E-
vector along the interparticle axis can result in huge enhancements in the
gap between the two nanoparticles while the orthogonal polarisation
cannot. For light polarised along the interparticle axis the proximity of
the charges (induced by the optical fields) to the molecule can be made
arbitrarily small and hence the field sensed by the molecule
commensurately large as the nanoparticles are brought closer together.
That capability is not available for light polarised orthogonally to the
INEETPATTICIE AXIS...eeiritiiiiiiiieiie ettt 14

Chemical structure of triSOIUIM CIIALE. ......vvevevereeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneens 23

Schematic illustration for the deduced process of gold nanoparticle
FOTMALION. ...t 25

Schematic of plasmon oscillation for a sphere nanoparticles, showing the

The surface plasmon resonance of gold colloidal solutions with different
diameters ranging from 10 =100 NML........ccecciiiiiiiiiiiniieeiieeeie e 27

Sequence of optical absorption spectra of Au particles with the amount of
aggregation increasing from a to f. For comparison, curve g shows the

absorption K = 4mkA of a thin plane Au film. ..o 28
A sandwich-type SERS-based immunoassay approach..........cccceceevveeenennen. 34
Scheme of typical SERS reporter showing the general features of a SERS

reporter used for biomolecule detection...........cccueeveeeciierienciienienieeeeeeeee. 35
Scheme for solid substrate-based SERS immunoassay. .........ccccceeverveennennne. 37
Scheme for cell-based SERS immunoassay. ........cccccceeveriieriienieenieenieeneene 38
Scheme for particle-based SERS immunoassay. ..........ccccoeceeverieneenienienenn 40
Experimental setup for the preparation of polymer microbeads..................... 50

Comparison on the absorption spectra of AuNPs prepared at the mixing
HAuCls/Na;Ct ratio of 1:2 and 1:1.5, AuNPs (mixing ratio of 1:1.5) with
4AMBA SAMs before and after centrifuge, and AuNPs (mixing ratio of
1:1.5) after goat anti-human IgG bioconjugation.............cccceevveverienieeneennnns 65

TEM images of AuNPs at the mixing HAuCl4/Na;Ct ratio of 1:2 (A) and
1:1.5 (B) synthesised using the citric reduction method, and the AuNPs
(mixing ratio 1:1.5) with 4AMBA SAMs (C). The scale bar is 20 nm. ............ 66

Comparison on the Raman and SERS spectra for the bead-based
Raman/SERS immunoassays. The vibrational bands at 1074 and 1583
cm’' for the SERS of 4MBA on AuNP surface, while the bands at 999

XII



List of figures

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

and 1029 cm™' for the Raman of PS microbeads. The laser wavelength is
785 nm associated with a 3 s integration time. ...........ccccceeveeveieerieencieenieennean. 69

Comparison on the fluorescence spectra of the supernatants of
Dylight™649 labelled IgG conjugated-AuNPs before washing (1) and
after three-time washing (2)........ccocceeriieiieiiieieeeeee e 71

Optical images of polystyrene microbeads prepared by suspension
POLYMETISALION. ....uvtieiiieiiieiie ettt sttt e s e et esebeenbeeseaeeneeas 72

Potentiometric and conductometric back-titrations of synthesised
carboxyl functionalised PS microbeads using HCI standard solution (0.01
MOI/L) at rTOOM tEMPETATUTE. ....ccuveeiieeiieiieeiieriee et eite et siee e ebee e eeeesaeeens 73

Comparison on the fluorescence spectra of the supernatants labelled IgG
conjugated-PS microbeads after three-time washing using phosphate
buffer (1) and wash solution (2). The inset is the y-axis expanded. ............... 74

Comparison on the fluorescence images of polymer microbeads before
and after conjugation with antibody in the presence of matched or
unmatched antigen-labelled AuNPs. The scale bar is 100 um. ...................... 75

Reproducibility of the Raman spectra for PS-antibody with 4MBA-
AuNP-matched antigen. The bands marked in yellow are contributed
from PS microbeads and the bands in green come from the 4MBA. (a),
(b), (¢) and (d) are from different microbeads. ...........ccceeevvreevireecrieecrieennen. 78

SEM images of PS (A) and PS/AuNP composite microspheres (B-E)
prepared by the different amounts of AuNPs and PS solutions. (B). 0.2 g
PS/10 mL AuNPs, (C). 0.2 g PS/20 mL AuNPs, (D). 0.2 g PS/50 mL
AuNPs, and (E). 0.05 g PS/50 mL AuNPS. .....ccccoeiiiiiiiiieiieieeieeeeeeeeen 89

UV-Vis spectra of AuNP solution and various first-time supernatants of
each adsorption between the different amounts of AuNPs and PS
solutions after the centrifugation. ...........cccoecueeiieniieniinii e 91

The relationship between the volume of AuNP solution mixed with the
PS microbead suspension and the total numbers of AuNPs adsorbed on
the PS microbead surface. A. 0.2 g PS/10 mL AuNPs, B. 0.2 g PS/20 mL
AuNPs, C. 0.2 g PS/50 mL AuNPs, and D. 0.05 g PS/50 mL AuNPs. .......... 92

SERS spectra of different kinds of composite microspheres prepared by
direct adsorption after reacting with the same concentration of 4MP (1
mL 10” M in ethanol solution) (top 4) and 1 mL AuNPs reacted with 107
M 4MP in ethanol solution, and the Raman spectra of pure PS
microbeads and the first-time supernatant after the reaction between
composite microspheres and 4MP. ..........cccccieriiiiiiiniiniieeee e 96

The relationship between the Raman intensity at 1076 cm™ and the total
number of AuNPs adsorbed on PS microbead surface. A. 0.2 g PS/10 mL
AuNPs, B. 0.2 g PS/20 mL AuNPs, C. 0.2 g PS/50 mL AuNPs, and
D.0.05 g PS/50 ML AUNPS. ...cooeiitiiiiiiiieieteeeeeese et 97

The Raman spectra of PS/AuNP composite particles prepared by direct
adsorption after reacting with different concentrations of 4MP in ethanol

XIII



List of figures

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

solution, a. 10° M, b. 10* M, c. 10° M, d. 10° M, e. 107 M, f. 0 M, and
PS microbeads reacting with 107 M 4AMP (). .....oveveeveeeeeeeeeereeeeeeeeeeeeeeeae 99

SEM images of polystyrene/AuNP composite microspheres prepared by
different methods and different microbeads at 0.2 g PS/50 mL AuNPs.
(a). PS-Method A, (b). PS-Method B, (c). PS-COOH-Method A, and (d).
PS-COOH-Method Bi. .....cccooiiiiiiiiiiiiieiieeeeeee e 100

UV-Vis spectra of AuNP solution and the first-time supernatants after the
formation of different kinds of polystyrene/AuNP composite
microspheres by different methods and different microbeads. ..................... 101

UV-Vis spectra of AuNP solution and the first-time supernatant after the
adsorption of 50 mL AuNPs on 0.2 g PS microbeads using Method A at
boiling temperature for 15 mMin. .......ccccceeviieiiieniieiiee e 103

SERS spectra of different kinds of composite microspheres by two
methods and two different microbeads with the same concentration of
AMP (107 M) oottt eeeeeeae 105

The SEM images of PS-COOH microbeads (a) and PS-COOH/AuNP
composite microspheres (b). The inset in (b) shows a magnified
composite microsphere. The scale bar iS 2 M. .....c.cocveriieriienieeniiecieeenee 117

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 0.1 mL ammonia, 20 mM TEOS, and 4 mL water
before centrifugation at different deposition times: (a) 3 min, (b) 6 min,
(¢) 9 min, (d) 12 min, (e) 15 min, and (f) 15 min after centrifugation. The
inset in (f) shows a high magnification area. The scale bar is 2 um............. 118

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 0.1 mL ammonia, 20 mM TEOS, and 4 mL water at
different deposition times: (a) 15 min, (b) 30 min, (¢) 1 h, (d) 2 h, (¢) 3 h,

and (f) 6 h after centrifugation. The scale bar is 2 pm..........ccceeevrevuvennennee. 119
TEM images of PS-COOH/AuNP composite microspheres before (a) and
after (b) silica coating at 15 min. The scale bar is 0.2 pm..........cccccueeeunnnnee. 119

The SEM images of silica coated PS-COOH microbeads using 0.1 mL
ammonia, 20 mM TEOS, and 4 mL water at 1 h after centrifugation (a)
and a higher magnification image (b). The scale bar is 2 pym in (a) and 1
N A0 (D). e et eenaeens 121

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 0.5 mL ammonia, 20 mM TEOS, and 4 mL water at
different deposition times: (a) 15 min, (b) 30 min, (c) 1 h, and (d) 2 h
after centrifugation. The scale bar 1S 2 M. .....c.ccccveviiierieiiiienieeiieeeeeeee, 122

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 1.0 mL ammonia, 20 mM TEOS, and 4 mL water at
different deposition times: (a) 15 min, (b) 30 min, (¢) 1 h, and (d) 2 h
after centrifugation. The scale bar is 2 pm. .......coceeviiriiniiiiniiniiceeeee, 123

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 0.5 mL ammonia and 20 mM TEOS with different

water concentrations at different deposition times: (a) 0 mL water at 3 h,
X1V



List of figures

Figure 6.9

Figure 6.10

Figure 6.11

Figure 7.1

Figure 7.2
Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 8.1

Figure 8.2

Figure 8.3
Figure 8.4

(b) 2 mL water at 15 min, (c) 4 mL water at 15 min, and (d) 6 mL water
at 15 min after centrifugation. The scale baris 2 pm. .........ccceeveiieiennnnnee. 124

The SEM images of silica coated PS-COOH/AuNP composite
microspheres using 0.5 mL ammonia and 4 mL water with different
TEOS concentrations at different deposition times: (a) 0.2 mM TEOS at
3 h, (b) 2 mM TEOS at 15 min, (¢) 20 mM TEOS at 15 min, and (d) 40
mM TEOS at 15 min after centrifugation. The scale bar is 2 pm................. 126

The SEM image (A) of silica coated SERS-active PS-COOH/AuNP
composite microspheres and the Raman spectra (B) of SERS-active PS-
COOH/AuNP composite microspheres before and after silica coating
process. The scale bar in A 1S 2 M. ...cveeviieiieniieeiieie e 129

The procedure for the protein immobilisation (A) and confocal
fluorescence images of SERS-active microbeads before (B) and after (C)

conjugated with FITC labelled antibodies. .........cccceevieriienieniieieeieene 130
Chemical structures of different monomers used for the synthesis of

Raman spectroscopic-encoded microbeads. ..........ccceeeeriieriienieeniienieeeenne 138
Raman spectra of different monomers used...........ccceeveriieriienieenienieeneenne 138

SEM images of various poly(Sty-4tBS-AA) microbeads in the presence
of different concentrations of 4tBS: A: 0, B: 5, C: 10, D: 25, E: 50, F: 75,
G: 100 wt% with respect to the amount of Sty monomer. AA was 2 wt%
B0 S ettt ettt 140

Raman spectra of poly(Sty-4tBS-AA) microbeads with various
concentrations of 4tBS: A: 0, B: 5, C: 10, D: 25, E: 50, F: 75, G: 100 wt%
with respect to the amount of Sty monomer. ..........ccccceeevienerienieneeniennne 143

SEM images of poly(Sty-4MS-AA) microbeads with various
concentrations of 4MS: A: 25, B: 50, C: 75, D: 100 wt% with respect to
the amount of Sty MONOMET...........cccoeviiiiiiiiiiiiiie e 147

Raman spectra of Poly(Sty-4MS-AA) microbeads with various
concentrations of 4MS: A: 25, B: 50, C: 75, D: 100 wt% with respect to

the amount of Styrene MONOMET. .........ceevieeiierieeiieie et 149
SEM image and Raman spectrum of poly(4tBS-4MS-AA) microbeads
fabricated at 50/50 wt% of 4tBS and 4MS. .......cocoiiiiiiiiie, 152

SEM images of polystyrene microbeads synthesised using dispersion
polymerisation at different magnification. A. Low magnification and B.
High magnification. ...........cceeiiiiiiniiiiiiieeeeeee e 162

Potentiometric and conductometric backward titration curve of polymer
microbeads with surface carboxyl groups using HCI standard solution at
TOOM tRIMPETATUTE. ...vvveeeuiieeeireeeiteeeieeesieeestteesateeentteeenareessaeessreesseeesneeenns 164

UV-Vis absorption spectrum (A) and TEM image (B) of AuNPs................ 165

Fluorescence histograms of flow cytometric immunoassay results in the
absence of AuNPs/4MBA. A: PS microbeads; B: PS microbeads-goat
anti-rabbit IgG; C: PS microbeads-goat anti-rabbit IgG/DyLight' 649

XV



List of figures

Figure 8.5

Figure 8.6

Figure 8.7

rabbit anti-human IgG; and D: PS microbeads-BSA/DyLight™649 rabbit
anti-human [IZG. .....oouoiiiiiiii e 167

Fluorescence images during the immunoassays in the absence of
AuNPs/4MBA. Optical (A) and fluorescence (B) images of PS
microbeads-goat anti-rabbit IgG/DyLight™649 rabbit anti-human IgG;
Optical (C) and fluorescence (D) images of PS microbeads-
BSA/DyLight™649 rabbit anti-human IgG. ............cocvveererrerrrereseeenn. 168

Flow cytometric immunoassay results in the presence of AuNPs/4AMBA.
Forward scattering (FSC) versus side scattering (SSC) of PS-goat anti-
rabbit IgG/ 649 rabbit anti-human IgG-AuNPs/4AMBA (A) and PS-
BSA/649 rabbit anti-human IgG-AuNPs/4AMBA (B); Fluorescence
histograms of PS-goat anti-rabbit IgG/649 rabbit anti-human IgG-
AuNPs/4AMBA (C) and PS-BSA/649 rabbit anti-human IgG-
AUNPS/AMBA (D). .ottt 170

Raman spectra of PS microbeads (a), PS microbeads-goat anti-rabbit
IgG/649 rabbit anti-human IgG-AuNPs/4MBA (b), and PS microbeads-
BSA/649 rabbit anti-human IgG-AuNPs/4AMBA (C). .ccocvvevvienieeiieeieeiene, 172

XVI



List of tables

Table 2.1

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 7.5

Table 7.6
Table 8.1

Table 8.2

LIST OF TABLES

SERS substrates and analytes. .........ccccoecueerieriieniieniieieeie e 20

Conversion, Dn and CV of poly(Sty-4tBS-AA) microbeads prepared with
various concentrations of 4tBS through two-stage dispersion
POLYMETISALION. ...ceveiieiiieiieeiieiie ettt ettt ettt e e e e saaeensee e 141

Raman vibrational information of Sty monomer and poly(Sty-AA)
MICTODEAAS. ...ttt sttt 144

Raman vibrational information of 4tBS monomer, poly(4tBS-AA), and

poly(Sty-4tBS -AA) mMiCrobeads. ........cceeveeeiieriiiiieiieeiieee e 145
Conversion, Dn and CV of poly(Sty-4MS-AA) synthesised with various
concentrations 0f 4MS. ..ot 148
Raman vibrational information of 4MS monomer, poly(4MS-AA), and
poly(Sty-4MS-AA) Microbeads. .........cceevieeiieriieiieieeie e 150
Raman vibrational information of poly(4tBS-4MS-AA) microbeads. ......... 153
Statistics for flow cytometric immunoassay results in the absence of
AUNPS/AMBA. ..ottt 167
Statistics for flow cytometric immunoassay results in the presence of
AUNPS/AMBA. ..ot 170

XVII



Abbreviations

ABBREVIATIONS

In this thesis, the following abbreviations are used.

AA

Ab.

Ag.
AgNPs
AIBN
APTMS
4ATP
AuNPs
BPO
BSA
CM

Cv

cv

DI water
Dy

EDC
EEF
EGDMA
ELISA
EM

FC
HAuCl4-3H,0
IR

LOD
LSPR
4AMBA
4MP
4AMS
Na;Ct

acrylic acid

antibody

antigen

silver nanoparticles
2,2'-azobis(2-methylpropanitrile)
3-aminopropyl-trimethoxysilan
4-aminothiophenol

gold nanoparticles

benzoyl peroxide

bovine serum albumin

chemical enhancement mechanism
crystal violet

coefficient of variation

deionised water

number-average diameter
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) hydrochloride
effective enhancement factor
ethylene glycol dimethacrylate
enzyme-linked immunosorbent assay
electromagnetic enhancement mechanism
flow cytometry

gold (IIT) chloride trihydrate

Infrared

limit of detection

localized surface plasmon resonance
4-mercaptobenzoic acid
4-mercaptophenol

4-methylstyrene

trisodium citrate dehydrate

XVIII



Abbreviations

NHS
PBS
PS
PVA
PVP

R6G
RT
SAMs
SEM
SERS
S/N
Sty
4tBS
TEM
TEOS
THF
Tris

UV-Vis

N-hydroxysuccinimide

phosphate buffer saline
polystyrene

polyvinyl alcohol

polyvinyl pyrrolidone

quantum dots

Rhodamine 6G

room temperature

self-assembled monolayers
scanning electron microscope
surface enhanced Raman scattering
signal-to-noise

styrene

4-tert-butylstyrene

transmission electron microscope
tetraethyl orthosilicate
tetrahydrofuran

tris (hydroxymethyl)aminomethane

ultraviolet-visible

XIX



	TITLE: Microbead-based Raman/Surface Enhanced Raman Scattering Immunoassays for Multiplex Detection
	DECLARATION
	ACKNOWLEDGEMENTS
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	ABBREVIATIONS




