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Abstract

Developing sensitive, specific and fast assays to detect and quantify cancer biomarkers
at low concentration permit early stage diagnosis of cancer and to improve the survival
rate. Many kinds of nanomaterials have been applied to break the limitations of
conventional bioassays so as to offer high sensitivity, simplicity and at lower cost. The
current development of nanoparticle based in-vitro diagnostics tests, such as paper-
based testing strips using gold nanoparticles, remain as being indicative rather than
being quantitative. To fill the gap between lab based quantitative assays and techniques
for point of care testing, smartphones will play an essential role. This takes the
advantage of build-in optics and electronics suitable for data acquisition, quantification
and communication. But this still requires the biochemistry methods to be more stable,
selective and quantitative, particularly suitable for small volume of samples after

minimum level of preparations.

This thesis explores a new class of fluorescent probes and detection methods to bridge
this gap. The new probes are rare earth doped upconversion nanoparticles (UCNPs)
with high fluorescent intensity and negligible background noise. To improve the
stability and selectivity of UCNPs, two techniques have been explored. Phage display
has been employed to select antibodies that can bind to UCNPs surface forming more
stable and biocompatible upconversion nanoprobe; bispecific antibodies are used to
avoid chemical reaction in the bioconjugation step and deactivation of antibody
bioconjugated to UCNPs so that the upconversion nanoprobes can have higher binding
efficiency to the cancer biomarker. To meet the requirements of simple and quantitative
point of care testing, highly rare earth doped UCNPs with hundreds to thousands of
emitters have been introduced to essentially amplify the signal strength so that
smartphone can read and quantify the prostate cancer biomarkers resulted in a paper
based strip sensor; single nanoparticle image system has been applied to reach a single
molecule level sensitivity for detecting prostate cancer biomarkers in sub-microliter

samples.



Abstract X1V

Key words: in-vitro diagnosis, cancer detection, upconversion nanoparticles, phage

display, bispecific antibody, lateral flow strip, single-molecule detection.



Table of Contents XV

Table of Contents

Certificate of Original AUthOTShip .......cccviiiiiiiiiiicece e I
ACKNOWIEAZEMENLS ......oeiiiiiiieiii ettt ettt et esaeesbeesabeeseesnseens I
FOrmat 0f TRESIS ...ccuveiuiiiiiierieieec ettt st v
List Of PUDIICAtIONS .....eeviiiiiiiiiiiesiieieteee ettt st VI
Statement of Contribution 0f AUthOTrS.......c.coouiiiiriiiiiiieeee e VII
LSt OF ACTOMNYIIIS ...eieuviiiiieiieeiieetteeite ettt et tee et et e et e esteessaeesseeenbeeseesnseeseesnseenseennnas X
ADSIIACE ...ttt ettt ettt sa et X1
Table OFf CONENLS ....cc..iiiiiiiiieite ettt et et XV
Chapter 1 INtrodUCHION ......coocuiiiiiiecieeeee et e re e e e e e aae e era e e eseeeeeneeeenns 1
1.1 Cancer and early deteCtion .........c..ceeuiieiiieeiiieeiie et 3
1.2 Cancer DIOMATKETS .....cc.eeiiiiiiiiiieiie ettt ettt ettt 4
1.2 PrOTEINS. ¢ttt ettt ettt ettt et e st e bt e saeeebeenaeeens 4
1.2.2 NUCIEAT QCTAS ...ttt ettt et 5

1.3 Current cancer in-vitro diagnoStiCS aSSAYS......cervreervreerieeeiireeeirieeeireessreeesiseeesneens 7
1.3.1 TMMUNOASSAY ...vveeeviieiiieeriiteeeiteeriee et e ettt e et e et eeeiteesatteesbteesabeeesaseeesaseeenns 7
1.3.2 Molecular diagnOSICS .......ccueerueeriieriieeiieiieeieeriee et eiee e etteseeebeeseaeeseesaneens 8

1.3.3 Summary of cancer IVD platforms..........cccoecveeiienieeiiienieeieeie e 11

1.4 Nanoparticle in TVD .....c.cooiiiiiiiiiceee et 12
1.4.1 Gold nanoparticles (AUNPS) .....cccueiiiiiiiieiieieeeeeeeeee e 12
1.4.2 Quantum dots (QDS) ...ueieeeieeeiie ettt 20

1.4.3 Carbon dotS (CDS) ...cceviieeiieeeiieeeiee ettt et e et ae e eaae e eaee e sreeesnnee s 24
1.4.4 Magnetic nanoparticles (MNPS) ......coocviieiiiiiiriieeieeeeeeeee e 29

1.4.5 Rare earth doped nanoparticles (RENPS).......ccccooeviieiiiiniiiieiiieieeeeeeen 32

1.4.6 Nanoparticles based Point of Care ASSays........ccecveeevveeeiieeeiieeeieeeieeeeneenn 40



Table of Contents XVI

1.5 Nanoparticle surface functionalization .............coeceevieriiienieniiienieeiceeeee e, 41
1.5.1 Surface Modification.........cceevuerieniiiiiiieieeceee e 41
1.5.2 BlOCONJUZALION ....evieniieeiiieiieeieeeiie ettt ettt et e teeebeesaaeesbeesnaeeseesaseenseennnes 46

1.6 TheSIS OULIINE ...ccuviiiiiiiieie et 48

Chapter 2 Select UCNP targeted antibodies by phage display ..........ccccceevevveenieeenneenne. 71

2.1 MOIVALION ...ttt ettt et sttt e st b e et e e be e st e ebeesaees 71

2.2 Background and Si@nifiCancCe..........cceeeeuiieeiiiieniiieeciie e evee e 71
2.2.1 Challenges in UCNPs surface modification............ccccveeeeveeecnieeniiieesiieeenieenns 71
2.2.2 Phage diSPlay .....cccveeeiiieeiiie ettt ettt e et e et e et e e et e e aee e nbeeennneeea 72

2.3 METROAS ...ttt ettt e 76
2.3.1 MAtIIALS. ...ttt et et 76
2.3.2 Prepare naked UCNP .......cccioiiiiiiiiieiieeeee e 78
2.3.3 Panning library of phage on naked UCNP.........ccccooiiiiriiiiniiiniiienieeene 78
2.3.4 Polyclonal phage ELISA......cccii ittt 81
2.3.5 Monoclonal phage ELISA ........cooiiiiiiiieieeieeeee et 82
2.3.6 Sequencing of POSItiVE ClONES........cceeiiiiiiiiiiieiieeie e 84

2.4 Results and diSCUSSIONS ......cerueiiiieriieiiieiie ettt ettt sttt saee b e 85

2.5 Conclusion and further WOorks ..........coceoiiiiiiiiiiiiiee e 91

Chapter 3 Bispecific Antibody Functionalized Upconversion Nanoprobe..................... 95

3.1 MOLIVALION ...ttt ettt et ettt sat e et e bt e et e sateenbeesaees 96

R\ F: 3111103 4 o PSSR 96
3201 ADSTIACE .ttt st ettt e aee 96
3.2.2 INtrOAUCTION ..conteiiieiie ettt ettt st ettt e be et 96
3.2.3 Experiments and materialS ............ccceeriieriieniiiiiieieeieeee e 98
3.2.4 Results and DiSCUSSION. ....cc.ueruieiirieriiiiiiiienieeieeit ettt 104

3.2.5 CONCIUSION .t eeeeeeennesesmnnmnnnn 112



Table of Contents XVII

Chapter 4 Quantitative Lateral Flow Strip Sensor Using Highly Doped Upconversion

NANOPATTICIES ... eeieiiiie ettt ettt et e e e e st e e e s sbeeesaseeesaeeesaeeesaeesnseeennnes 117
4.1 MOTIVALION ...ttt ettt ettt et e st e bt e st e et e e s ateenbeessbeeneeas 118
T\, ;010 o1 ) o USSR 118

42,1 ADSETACT ..ttt ettt ettt et eaeas 118
4.2.2 INErOAUCTION ...ttt ettt st et 119
4.2.3 Methods, results and diSCUSSION.........cccvuvvvviiiiieeiiiiiiieeeeeeeeeeeeiirieeeeeeeeeeeanes 122
4.2.4 Conclusion and PErSPEICHIVE ...ccuvviervieeriieeriieerreeeiieeeireeereeeeseeesreeesneeens 135
4.2.5 ACKNOWIEAZMENLS.....c.eiiiiiiieeiieieeieee et 136
4.3 Development of this WOTK.........cociiviiiiiiiiiiiieee e 136

Chapter 5 Single-molecule immunoaggregation assay detects biomarkers in microliter

SAIMNPLE ..ttt ettt et et e ettt e ate e be et e e beeenbeenbeeenbeeseennbeens 145
5.1 MOTIVATION .ttt ettt ettt e st e et esaeeebeesateens 145
5.2 TNIOAUCTION ...ttt ettt et e bt e et e e beesaeeens 145

5.2.1 Single MOIECULE aSSAY ....ccuveeeeuiieeiiieciiee et 145
5.2.2 Single UCNP tracking SYSteM.........cccureeiuieeriiireniieenieeesreeenveeeieeesseeesnneees 151
5.3 Materials and Methods ........cccoouiiiiiiiiiiii e 154
5.3.1 Synthesis Of UCNPS......cccuiiiiiieciie ettt 154
5.3.2 Bioconjugation of UCNPs with antibodies............ccccceeervieerciieeniienieeee. 155
5.3.3 UCNPS CharacteriZation .......c..ceverueeuerienieeieniienieeeesieesieesesieesieetesieenseenees 156
5.3.4 IMMUNOAZETEZAtION ASSAY....ccuveerierureareeriieereerieeeeeenseeeseesseesseensaesseesseensns 156
5.4 Results and DiSCUSSIONS .......evueeruerieriiirierieriteteeiie sttt s 157
5.4.1 UCNPS CharacteriZation .......c..eeverueeierienieeienienieeeesieesieeresieesieesesieenseenees 157
5.4.2 Single UCNP IMAaging .........ccceeviiemiieiiieiieeiienie ettt ettt 158
5.4.3 IMmMmMuNOagEreZation ASSAY.......cccueeruieerieerieeieenieeeieenteeereenseesseensaesnseenseennns 161

5.5 CONCIUSIONS ..ttt et e e e et e e e e e e e e e et e e eeeeeeeeeaeeaaaeaeaaeene 164



Table of Contents XVIII

Chapter 6 Conclusions and Perspectives .........cceccveerieerieeiiienieeiieie e 169
6.1 CONCIUSION ..ottt sttt s 169

0.2 PeTSPECLIVES ... ueiuiieeiieeiieeite et eiee ettt ettt et e et esite e bt e saaeeteeesbeenseesnseenseesnseenne 170



	Title Page
	Certificate of Original Authorship
	Acknowledgements
	Format of Thesis
	List of Publications
	Statement of Contribution of Authors
	List of Acronyms
	Abstract
	Table of Contents



