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Adoption of a multi-marker nanotag approach will led to better disease

characterisation whilst simultaneously enabling targeting ofmultiple disease markers
or organelles The employed nanotag method controllably aggregated nanoparticles
with  1,6-hexamethylene diamine (1,6HMD), before polymer coating with
polyvinylpyrrolidone (PVP) and labelling with small molecule reporters 4-
mercapOl PUOEAET A dithiGbB(Qnitrobenzdicv dacid) (DTNB), 4
nitrobenzenethiol (NBT) and 2naphthalenethiol (2-NPT). Within a multiple
component suspensionreporters were identified by their unique peak and when
present within single cells or populations they were additionally identified using
component direct classical least squares (OG). Within a single cell threeof the four
components (MPY, DTNB and NBTere positively identified.

2D SERS imagingan monitor nanotag uptake buit provides no conclusive evidence of
cellular inclusion. The simultaneous determination of cellular uptake and nanotag
identification was however achieved usingcombined 3D Raman andSERS imaging
Three of the four components were detected within a single cell and bgombining 2D
sections from the 3D images it was possible to determine thie intracellular location.
Determination of intracellular localisation was achieved usingprincipal component

analysis (PCA) since itesultedin the resolution of a subcellular compaiment.

However, the ultimate success of the system will only be realised when active targeting
is demonstrated. Nanotags were functionalised with peptide sequences specific for the
endoplasmic reticulum (ER) and transGolgi network (TGN).Both nanotag systems
were found to locate within lipid rich regions of the cellbut they could not be positively
confirmed as the ER or TGN. To identifythese structures and confirmlocalisation,
further chemometric methods must be investigated including hierarchical clster
analysis(HCA).

In conclusion, he SERS nanotags were suitable imaging agents farand 3D cell
interrogation. 3D imaging simultaneously permitted organelle resolution and the

intracellular localisation of the SERS nanotag3argeting systems were aveloped and

Vi



in future work their localisation within organelles will be confirmed by the application

of advanced chemometric methods.
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Agz silver

ATPz 2-aminothiophenol

Au-gold

CCDx charge coupled device

CEAz carcinoembryonic antigen

CHOz Chinese hamster ovarian

CPPg cell penetrating peptides

CTCg circulating tumour cells

DCL% direct classical least squares

dH,Oz distilled water

DLSz dynamic light scattering

DMEMz$ O1 AAAAT 80 -1 AEEEAA %ACI A - AAEOI
DPNz dip-pen nanolithography

DPX- distyrene-plasticiser-xylene

DTNBz v h-ditBiobis(2 -nitrobenzoic acid)

EGFR; epidermal growth factor receptor

ELISAZ enzyme linked immunosorbent assay

ERZz endaoplasmic reticulum

FBSz foetal bovine serum

FT z Fourier transform

HBSS( AT ESO AAI AT AAA OA1T O O1T1 OO0ET T
HCAZ hierarchical cluster analysis

HEPES 4-(2-hydroxyethyl) -1-piperazineethancesulfonic acid
HGNsz hollow gold nanospheres

1,6-HMD z 1,6-hexamethylene diamine

ICAM1z intercellular adhesion molecule 1

IR z infrared

LUTz look up table

MALDI z matrix -assisted laser desorption ionisation

MBAZz 4-mercaptobenzoic acid

MCRALSZz multivariate curve resolution z alternating least squares

MES- 2-(N-morpholino)ethanesulfonic acid
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MPYz 4-mercaptopyridine

MUAZ mercaptoundecanoic acid

MUCA4z mucin protein

N.A.z numerical aperture

NaClz sodium chloride

NBT z 4-nitrobenzenethiol

NIR z near infrared

NLSz nuclear localisation sequence

2-NPTz 2-naphthalenethiol

OSC oral squamous cell carcinoma

PBSz phosphate buffered saline

PCsz principal components

PCAz principal component analysis

PDDA- poly(diallyldimethylammonium) chloride
PEGz polyethylene glycol

PEI- polyethylenimine

PMAZ poly(isobutylene-alt-maleic anhydride)
PLGAz poly(D,L-lactide-co-glycolide)

PSAz prostate specific antigen

PVPz polyvinylpyrrolidone

Rfz retardation factor

RMEZz receptor mediated endocytosis

RNSz reactive nitrate species

RO% reactive oxygen species

RPMIz Rosewell Park Menorial Institute Medium
RR& resonance Raman spectroscopy

SEHGNg silica encapsulated hollow gold nanospheres
SEHRE surface enhanced hyper Raman scattering
SEMgz scanning electron microscopy

SERg surface enhanced Raman spectroscopy
SER$A03 7 5-(4-pyridyl) -1,3,4-oxadiazole-2-thiol
SERRSE surface enhanced resonance Raman spectroscopy
SESORS3surface enhanced spatially offset Raman spectroscopy
SIMz structured illumination microscopy

SOR$ spatially offset Raman spectroscopy
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STEDz stimulated emission depletion microscopy

STEMgz scanning transmission electron microscopy
SV40z simian virus 40

TAT z transactivator of transcription

TBEZ Tris Borate EDTA

TEMZ transmission electronmicroscopy

TGNz trans-Golginetwork

TLCz thin layer chromatography

X-Galz 5-bromo-4-chloro-3-indolyl - -D-galactopyranoside




#1 1 OA1 OO

F ol L1V =T o =T 0 =T o | PR v

Y 0153 = Lo TP PP PPPPPPPPPP Vi..
ADDIEVIAtIONS  ....ooiiiiiiiiiiiiiiii e e e e VT
(O] 01 1= | £ 3EP PP PUPPPPPPPPPR Xi..
Chapter 1 INtrodUCLION ........ccooiiiiiiiiiiieieceeeeereee e mmmmm e e e e e e e e e e e e e e e 1
1.1 SPECLIOSCOPY eeeveieeeeiiiiiiiiunenesmmmmmt e e e e e e e e s s s s s s mmmmmr e et e e e e e e e e e e s s s mmmmnr s seeeeeeeeeeens 1.
1.1.1 RAGMaN SPECLIOSCOMY.....cceeeeeeiirrieerimmmmmmmmssnennnnn e s smmmmmmmms e s e e e e eeeeeses rmmmmmmnns s e
1.1.2 Resonance Raman Spectroscopy (RRS)........cceeiiiiiimmmmmcee e eeeeieeeeeeveeeeeeeen b

1.1.3 Surface enhanced Raman Spectroscopy (SERS)...........cooviiimmeeemiiviieennnn. 4.....

1.1.3.1 Electromagnetic ENNANCEMENL...............uuu.s mmmmmmmmseseeennnnnnsns ommmmmmnns s sssssssesssssmmenn
1.1.3.2 Chemical ENNANCEMENL...........c.ceveees e e eeeeeeeeeee s sommmmmmmr s e e e e e e e e e e s s 2220

1.1.3.3 SUItable SERS SUDSIIALES......ccuuuiiievie e st e e ettt e s e st e st s

;oo b

1.1.4 Surface enhanced Resonance Raman Spectroscopy (SERRS)...............7.....
1.1.5 RAMaN IMAGING........cciiiirrrrrrimmeacce e e e e s mmmmmmmmt e e e e e e e e e vmmmmmmmmr e eeeeeeeees Donanns
O I TS = | PP PPP PP 8
1.2.1 Basic Cell Structure and Organelles.............cooviiimccmeiiiiiiiieeeviccmememe 8
1.2.2 Cell Lines and Research............cccooiieeemecciciiiic e emmmmmeen D
1.3 Cellular Uptake of Nanoparticles and Delivery Strategies .......cccccceveeeeeeennn. 10.
1.3.1 ENOCYIOSIS. ..uuuuiiiiiiiiie et vmmmmmmmms e e e e e e e e e e s emmmmmmemr s s nnennnnnnee e L0
1.3.21In situ Synthesis of NanopartiCles..............cc.uvvvimeeccccce e e eeeeeeme . L3,
1.3.3 Physical Methods of Introduction................cooii e cmmmmmmeen .. L3,
1.3.4 Biochemical Manipulation for Improved Cellular Delivery................cc....e 13..
1.4 Nanoparticles and Cell TOXICILY ......ccvvreieeiiiiiieieemmmere e et eemmme e 15
1.5 In vitro, Ex vivo and In vivo Applications of Raman and SERS....................... 17

1.5.1 Raman Spectroscopy and CellS.........ccooviiiiiioooeecec e eeeeeeeee W L

Xi



1.5.2 Raman Spectroscopy anek vivo/in vivoApplications.............ccceeeeeesiccmeeaaa. 20

1.5.2.1 Breast CANCEL........ccccciiiieetmmmmmmnm sttt s 1111 s s s s s smmnni )
1.5.2.2 SKiN CANCEL......cccuvieiureres et smmmmmmmns 112+ 10 e+ smmmmmmnm s+ 10 e smmmmmmem 2ol
1.5.2.3 ProStat@CaANCEL..........ocvvrreeis s sommmmmns e s s st 2101 s
1.5.2.4 Bladder CANCE........ceeiueeeiurescmmmmmmmns e ssree st s s s e 111 s 6101 emmn Do
1.5.2.5 CerVICAl CANCEL........eeeiieieereimmmmmmns ettt smmmmmnme st 1 e+ s e emmil L
1.5.2.6 COlOreCIAl CANCEN......c..vviiireesimmmmmmms et s« 12t e e 1ne 23
1.5.2.7 Alternative Disease Based Detection SYStEMS..........cccooiuvcummmmmmme e ceevvnveneee s cmaniled
1.5.2.8 SUMMAIY.....coiiiiiiiieiiiee s sttt e s emmmsmsns 4444 e 404 s 5555 ¢ s 1+ DD
1.5.3 SERS anlih vitro INnVestigations...............coovviiieeeeeeemrceeieie s e ee e e s emmmmmmomeceee e 2000

1.5.3.1 SERS and Intracellular Investigations of Cell Components...................ccormmeee. 25

1.5.3.2 SERS NANOTAGS.....uuuuiiiiiiiiettmmmmmmmme et eettnss e s smmmsmmnns 00 e st s s s s s 10000 s s don
1.5.3.3 SERS Nanotags and pH SENSING............coovicmmmmmmme e e e e e e e e s e e e s a2 e
1.5.3.4 SERS Nanotags ahuvitro Applications for the Detection of Disease.............. 28.

1.5.4 SERS anHx vivo/In vivoApplications for the Detection of Disease............ 35

1.5.4.1 Tissue Imaging and DiSease DEteCHON............c.co..rwemmmmemeessnvreeee st mmmmmmene e e 030

1.5.4.2In vivolmaging and DiSease DeteCiON.........c..eiiiiericmmmmmme et e 03 Q

(O T o) (= g2 AN [ 3 £ UUOOUPS 43

Chapter 3 Development and Imaging of Multiple SERS Nanotags in Cells .44

IO 0 I [ g1 0T [ 8T [ o ISP P PP PRSP PPPPPPPPP: 44

3.2 Multiple Component System z Commercial System .............ccccccvvvvvvicceee..... 45
3.2.1 Commercial SERS NaNOtagS........ccooeeeiiii i mmmmmmmm e 4D

3.2.2 Characterisation of the Commercial SERS Nanotags..................ccceeeev.... 46

3.2.2.1 Stability MEaSUIrEMENTS.......cccceiiiiei e cmmmmms e e e e e e e s s e s 0 SO,
3.2.2.2 SPECtroSCOPIC MEASUIEMENLS..........ccevvveees e e eeeeeeeeeeee s s e s s e e eeeeeeee s s 0

3.2.3 Multiple Component Capability..............cccceiiiiie e eeeeeeeemseeeenen. 020
3.2.41n vitro Analysis of the Commercial Nanotags...............c.uvviemmeeccceeeeeeeeeenes 54...
3.2.5 Detectability of the Commercial Nanotags in Cells...................ccceeeeeeen..... BB,

3.2.5.1 StreamLine Measurements of th@ommercial Nanotags in Cells.................... 56....

3.2.5.2 StreamLineHR Water Immersion Measurements of the Commercial Nanotags in
L | PO PP PPPRPP o 1 |

3.2.5.3 StreamLineHR Measurements of the Commercial Nanotags in Cells............. Gl..

Xii



3.2.5.4 Conclusions and CommErCial ISSUEBS.........cc.cceivesimmmmmmmmeeeeeeerenenn s s s e eee s 020

3.3 Investigations of Suitable Nanotag SYStems.............ccoeciviviiviemccce e 65
3.4 Optimisation of the Selected Nanotag SyStem ..........ccccceeeeieieisicmcescccninennnsd 638
3.4.1 1,6Hexamethylenediamine (1,6HMD) Optimisation.......................ccccceeee. .68
3.4.2 Polyvinylpyrrolidone (PVP) OptimiSation.................eeveesiccceeeceseeeienireeesen 72.
3.4.3 Small molecule Selection..............oooiiiieeeccccmiieiec e emmmend D
3.4.4 Optimised Nanotag SYSIEML............uurririiimcccccce e mmmmmmmme e e OO
3.4.5 Stability of the Optimised Nanotag SYStemS...............oovveeeemeemrevnnnnninen e 88...
3.5 Development of a Multiple Component SyStem ...........cccooovvvcvvvicemmmeeeeeeeeenn. 94
3.5.1 Principal Component Analysis (PCA) of the Fourplex................ccceceeeee 100
3.6 Detectability of SERS Nanotags in Cell Populations and Single Cells......... 102
3.6.11In vitro Analysis of the SERS Nanotags........cccceeevvesimmmmmmmeeeeceeeveeeevvieeeeen 02

3.6.2 Detectability of the Individual SERS Nanotag Suspensions in Cell Populations

...102.
3.6.3 Detectability of he Developed Triplex in a Cell Population...................... 106..
3.6.4 Detectability of the Developed Fourplex in a Cell Population................. 109.
3.6.5 Detectability of the Developed Fourplex in a Single Cell............ccovvvieeeee 111

3.6.5.1 Macrophage CellS...........cooo it e e e e e e e s s e L
3.6.6 Chinese Hamster Ovarian (CHO) Cells................vvvimmmmeeec e 113

3.7 ToxiCity Of SERS NANOAYS. .. ....cuvvriieiiiiiiitimmmmei ettt mmmmme e e e 119
078 C 2 0] o o3 113 T 1= O 121
Chapter 4 3D Optical Imaging of Multiple SERS Nanotags in Cells............ 124
v I [ 1o To [T o o PSPPSR 124

4.2 Proof of Concept - 3D Raman and SERS Imaging of Cells and Nanotags...126
4.2.1 Spatial and Depth ReSOIULION..............ccuvviiemeemmemee oo vmmemeeemeeeeeeeeee . 127,
4.2.2 3D Raman Imaging of CellS............uiiiiiiiior e 128
4.2.3 3D SERS Imaging of Nanotags..............oovceeeeeeemreeeeeeeeeeeesssmmmmmmemssvveeeeen. 130

4.2.4 Combined 3D Raman and SERS Imaging of SERS Nanotags in.Cells..132

Xiii



4.3 Confocal 3D Raman and SERS Imaging of Cells and Nanotags.................. 139
4.3.1 3D Raman Imaging of CellS..............cciiiimmmmmeeme e vmmmmmmemeeeeeeee e L39L0
4.3.2 3D SERS Imaging of Nanotags................oiivcccceeemvvvvvvennicsvmmmmmmmme e 145

4.3.3 Confocal Combined 3D Raman and SERS Imaging of SERS Nanotags in Cells

...146.

4.4 CONCIUSIONS ....eiieiiiitieie e et ettt ammmmme e e ettt e e e e e e e 156
Chapter 5 The Development of Organelle Targeting Nanotags ................ 157
ST [ 11 70 o [ 8 [ox 1o o H PP PSP PPP R PPPPPPPP 157
5.2 Organelle Specificity of the Peptide Sequences .............ccccccvvvvvvimmccceeeeeeennn, 158

5.2.1 Peptide SEQUENCES.............evvvvirimmmmmmmmieaeeeeeeeeeeessmmmmmmmeeseeesssssssss immmmmnmms oo LD8
5.2.2 Fluorophore Conjugation............ccceuesissimmmmmmemseeeeeeeeeeeeessmmmmmmmmssnvsseeeeeeeseee LO2
5.2.3 Detection of the Organelle Specific Peptide Sequences in Cells........... 163

5.2.3.1 ER Specific Peptide Sequences and Cell Experiments................cceeememe...... 164
5.2.3.2 TGN Specific Péde Sequences and Cell Experiments...............c....ccccueuemee... 165
5.3 Synthesis of Peptide Functionalised SERS Nanotags for Organelle Targeting
.............................................................................................................................. 167

5.3.1 Synthesis and Characterisation of Endoplasmic Reticulum (ER) and trans
Golgi Network (TGN) Targeting Nanotags........ccccooeeeeeescccmmmceccceeeveeeevvveeeeennme LB 7

5.3.1.1 Synthesis of the NanotagsStandard Protocol...............cc..eeesveemmmmmeeeeevvvnen. . 167,
5.3.1.2 Simplification of the Nanotag Synthesis..................cs e e eeee e e e s . 169
5.3.1.3 Final Optimsed Synthesis of ER and TGN Nanotags.................. e, 172
5.3.2 Synthesis and Characterisation of Nuclear Targeting Nanotags............. 174

5.3.2.1 Synthesis of the NanotagsStandard Protocol...............cc..eeevveemmmmeeeeevvvnen 174,
5.3.2.2 Increased Peptide CONCENTIAtION.............eiiiimerimmmmmene e s evreee e e e e eveeee o LA B
5.3.2.3 Decreased Peptide @OENration .............ccuueee i cemmmmmeeceeesnvveees s mnmmmmmmseeeeeevees LLB.
5.3.2.4 Positively Charged NanopartiCles...............cooouvmmmerceeeevieee s cemmmmmmmee e 181
5.3.2.5 Bioconjugation of Peptide to Ligand Functionalised Nanotags................... 182
5.3.2.6 Prestabilisation of the Nanotags Prior to Peptide Addition...................ev e 182
5.3.2.7 CONCIUSIONS.......uiiiiiiiiiiie ettt s smmemmmmms e+ 1t smmimmm e+ 22« smmmenn L OO
5.4 In vitro Analysis of the Targeting Nanotag SyStems .........ccccccvvveeeiiiivimeacnns 186

5.4.1 2D Raman and SERS IMaging..........cc..uuutumeemmmmmeaaeeaeeeeeeeeeeceeeeeeeeen. 186,

Xiv



5.5 Targeted 2D Optical Imaging of ER Targeting SERS Nanotags in Cells......186
5.5.1 2D Raman Imaging of Cells...............uviiiiemccecc e LB
5.5.2 2D SERS Imaging of Nanotags.........cccoovviii i e eeeceeeeeeevveeesmmmmeeeen e 192

5.6 3D In Vitro Analysis of the Targeting Nanotag Systems .............ccccccvvvvvevieee 193
5.6.1 3D Raman and SERS IMaging..........c....uuvueeemmmmmeesseeeseeseeessmmmmmmmeeeeeeeennn 93,

5.7 Targeted 3D Optical Imaging of Multiple Targeting SERS Nanotags in Cells

5.7.1 3D Raman Imaging of Cells...............evviiiemccccce e L4
5.7.2 3D SERS Imaging of the TargetifNgiNotags..............vvvvvvmiimmmmmmmeeeeeeeeeenn. 198.

5.7.3 Combined 3D Raman and SERS Targeted Imaging................cccceeeeve.... 199

5.8 CONCIUSIONS ...ttt ee e e s s e e e e e et e e e e e e e e 202
Chapter 6 CONCIUSIONS ......uuueiiiiiiiiie s immmmme e e e e e e e e e e e e e e e e e e e e e e e e eeees 204
Chapter 7 FULUIE WOIK .......ooiiiiiiie e 207
Chapter 8 EXPerimental .............ooeeiiiiiiiiiimmmmiiii e immmemre e 209

S0 I [ 1 U0 1= o1 =i o U 209

8.2 BUFfer Preparation ..........cooiiiiiiiiiiii i icceeeiee e e e smmmmmr e e e e e e e e e e e smmmmmne s 210

8.21 Phosphate Buffer (60 MM).........cccviiiiiiiiierce e e e 210
8.2.2 HEPES BUFfer (IM)........uuuuiiiiiiiiiimmmcce s emmmmmmm e« 2210
8.2.3 MES BUFfEr (0.5 M)......cvvoeeeeeeeceemememsseve s vomnmemaeseseesenessen s vesnmenans e 210
8.3 Colloidal SUSPENSIONS ......ceviiiiiiiiiiiie e imemene et e e ame 210
8.3.1 Commercial SERS NaNOtags..............ooicmmeeeemreeeeeeeeeeeeessmmmmmmmmssvveeeeeeee . 240,
8.3.2 Preparative Steps for Colloid Synthesis..............coovvveeeeeeemiciciiiiieen e 0eee210
8.3.3 Preparation of Citrate Reduced Silver Colloid................covveeeeeeemecceeennnn. 211
8.3.4 Preparation of Hydroxlamine Reduced Silver Collaid...............ccciieeeen 211
8.3.5 Preparation of Borohydride Redued, Citrate Stabilised Silver Colloid....211
8.3.6 Preparation of Citrate Reduced Gold Collaid................coiiaaccccei e, 211.
8.4 Nanotag Preparation ... e e e e e 211

8.4.1NaNotag SYSIEML......uuuiiiiiiiiii it immmmmme e eee e immmmmmmmeeee . 201

XV



8.4.1.1 Small Molecule Reporter CoONCENtratioNS.............ccuvvvvommmmmmmsveeeeeeeeses s smmmemenms 242
8.4.2 Stabilised Nanotag SYStem............uevvviiiimcccmme s 2120
8.4.3 ER and TGN Peptidddbilised Nanotag Systems..........cccceeeeeesicmmmmmee......213
8.4.4 Nuclear Peptide Stabilised Nanotag System.................oocceeeeeemeeeeeeeeeeenn 213.

8.4.4.1Nucleur Peptide Stabilised Nanotagsrefer to section 5.3.2.17 5.3.2.3............ 213

8.4.4.2 Positively Charged Nanoparticles/Nanotagsrefer t0 5.3.2.4.......cccceeeeviiivvvvnnn 213

8.4.4.3 Bioconjugation of the Peptid@ refer t0 5.3.2.5......ccceveeiiiiiiis e s 214..

8.4.4.4 Prestabilisation of the Nanotag Surfacerefer t0 5.3.2.6.........ccccceeeee i cemmmmonms
8.5 Cell Preparation ..........ccccooiiiiiieisimmmeme e e

8.5.1 Preparation of Materials for Cell Culture.................ovvimmeeecec e
8.5.2 Macrophage and Dendritic Cell Preparatian.....................ceemeee
8.5.3 HeLa and CHO Cell Preparation..................cmmmmmnnennnneeeee s immmmmmms e
8.5.4 Cell preparation for TOXICity TENG........uuiiiiiiiiiiii s e eeeeenes

8.5.4.1 Replicating Direct Nanotag Incubation on Coverslips...........cccoovvicmmmenmee e

8.5.4.2 Replicating Nanotag Incubation in Culture FIasks............cccovvimmmmmemeeereeennnn 216.

8.6 Stability and Characterisation Measurements ........cccccccceeeiiininne
8.6.1 UVVisible AbSOrption SPECIrOSCOPY. .. uuruueiieieeees e e eeeeeeeeeee s eemeennns
8.6.2 Dynamic Light Scattering (DLS) and Zeta potential...................cccceeeeee..
8.6.3 SEM IMAQING ...uuuuiiiiiiiiii ittt mmmmmmmms s s e e e e e e e e e e e s smmmmnr e s serennne
8.6.4 Gel EIeCtrophOresIS. .. ...ttt e e e

8.7 Spectroscopic Measurements and Imaging .......cccccoccvveeeeririieeneee.
8.7.1 Solution Measurements of the SERS Nanotags.................cceeeeeemeeeeeenn.
8.7.2 2D SERS Imaging of Nanotags and Cells.................ceeeeeemiiiieeeeeesimmee
8.7.3 Volume 3D Raman Imaging of Cells............ccuviiimmemmeee e e
8.7.4 Volume 3D SERS Imaging of Nanotags...........ccooois e eeeees
8.7.5 Production of 3D Volume Images and 2DBstice Images

8.7.6 Data ANAIYSIS.......coe et e

214

214

215.

215

216

216

217

217

217.

218

218

218

219

219

........................... 219

219

8.8 Preparation of Fluorescent Peptide Sequences and Fluorescence

MiCroSCopY MEASUIEMENTS ........coeiiiiiiiiieeeiiimeeee e e e siteee e e e

XVi



8.8.1 Fluorophore CoNjUQAtiON..........uuuuuueeeiimmmmmmme e eeeeeeeeeee s mmmmmmenr e ennne e em

8.8.2 ER Specific Peptide Sequences and Cell Experiments............cccccvceeeeeni221
8.8.3 TGN Specific Peptide Sequences and Cell Experiments................ccc.... 221
Chapter 9 REfEIENCES ........eiiiiiiiii i reeeme e 222
Y 0] 01T T Lo = RSP 239
] o] o= 11 o] o S PP 250

XVii



Chapter 1 Introduction

When the pioneers of Raman spectroscopy initially conceived the technique in 1923
and latterly demonstrated it in 1928 it is unlikely that they had any inclination of the
future impact or bio-diagnostic applications the method would find. This is due in part
to instrumental improvements and successive developments of the original technique
most notably surface enhanced Raman spectroscopy (SERSand surface enhanced
resonance Raman spectroscopy (SERRS$ince thenRaman andSERS have become
invaluable analytical techniques for a whole host of applicationsicluding in vitro,”-9 ex
vivo and in vivo bio-sensingio-12 bio-diagnosticsi3-15 explosives detectiont4 the analysis
of illiciti6. 17 and pharmaceutical drugs® the identification of environmental
pollutants,19.20 the aging and athentication of historic artefacts?!.22 and the control and

monitoring of industrial processes?3

In recent years, Raman and SER%ve been exploitedin the fields of intracellular,
tissue andin vivoimaging.”-11.24 The ability to measure spectroscopic signatures within
these matricesare extremely powerful applications of the techniquesnot leastbecause
sensitive and reliable imaging is required for a whole host of diagnostaend therapeutic
applications 10 When used in conjunction with chemometric methodgyreater levels of
information can be extracted conclusions can be drawn with stastical significanceand
the true potential of the techniques can be realisedShould the advancement of Raman
and SERS as diagnostic imaging techniques continue at the current pacer¢heill be

huge potential to revolutionise the ability todetect, treatand manage disease.

The next sections will look at the heory of Raman spectroscopygell structure and the

vast array of biodiagnostic applicationsow fulfilled by Raman and SERS.

1.1 Spectroscopy

Spectroscopy is a broad scientific division encompassing a wide range of analytical
techniques including fluorescence, infrared (IR) absorption and Raman scattering.
However, the underlying objective of any spectroscopic techniqueremains the same
and is oncerned with the measurement of discrete amounts of energy that are
interchanged between the interrogated system andhe electromagnetic radiation2s

During the interaction process energy can babsorbed, emitted or scattered and the




two predominant methods by which molecular vibrations aredetected are IR and
Ramanz5.26 Both of these techniques allow for structural resolution since the produced

spectral signatures are characteristic of the molecal components presengs

In IR spectroscopy the process is characterised by the absorption of a photothe
energy of which exactly equatorresponds to the discrepancy between the ground and
first vibrational level 25 When this occus the molecule is promoted to avibrationally
excited statedand in accordance with this pomotion a peakwill appear in the spectra.
The peak position directly corresponds to the energy which has been absorbednd as
molecular constituents appear at characteristic regions in the spectratange the
chemical structure can be readily elucidate@ Raman spectroscopy is complementary

to IR and unlike thelatter technique scattering rather than absorption is measured.

1.1.1 Raman Spectroscopy

Raman spectroscopy is concerned with measuring the light which is scattered as a
result of the irradiating laser interacting with the analyte mdecule. During this
interaction the light source can polarise the electron cloud of the molecule and when
this situation arises a virtual state is formed.25 However, this state has a limitd
lifetime, a direct result of its unstable nature and the photon responsible for
polarisation is almostinstantaneously scatterecks 26 Much of the scattered light will be
radiated at the same wavelength ashat of the irradiating laser, the energy has not
changed and this elastic process is known as Rayleigh scatteridg26 However, if
during the interaction, motion of the nucleus occurs the photon is radiated at a

different wavelength and the phenomenon of Raman scatterirayises25 26

This inelastic process can be subdivided into two distict classes known as Stokes and
anti-Stokesand these areclassified according to whether the molecule was originally in
the ground or vibrationally excited state (Figure 1.1).25.26 Stokes scattering arises
when a molecule which was initially in the ground vibrational state relaxes back to a
vibrational level of higher energy (Figure 1.1). Anti-stokes scattering occurs when a
molecule which was initially in a vibrationally excited state relaxes back to the ground

vibrational state. (Figure 1.1).25.26
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Figure 1.1: Jablonski diagramindicating the transitions between energy levels when light is

scattered.

Under normal experimental conditions the proportion of molecules which possess
vibrational energy will be minimal and most will be found in the ground vibrational
state.25.26 This explains why anti-Stokes is the weaker of the two processes and why
Stokes scattering is typically measured during a spectral acquisitica.Deviations from
standard conditions such as a temperature rise will increase the proportion of
molecules which reside in tle vibrationally excited state and he Boltzmann equation

can be implemented to derive the occupation of thewo vibrational energy levels2s
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Where:
Nn = the number of molecules in thexcited vibrational energy level

Nm =the number of molecules in the ground vibrational energy level




g = the degeneracy of the levels of n and m
Eq-En = difference in energy between the vibrational energy levels
k = Boltzmann constant 1.3807 x 188 JK!

T = Temperature K

Key to the proliferation of Raman spectroscopy for the analysis of biologicahallenges
in vitro, ex vivoand in vivo are the features of norinvasivity and the provision of
molecularly specific spectra. However, the obvious disadvantage with its
implementation is that it can be quite insubstantial, especially when considering that
approximately only one for every one million photons are Raman scatteret¥ This
weak effect can be negated by successive developments of the original technique

including resonance Raman spectrospy (RRS), SERS and SERRS.

1.1.2 Resonance Raman Spectroscopy (RRS)

The first of the enhancements to the original technique is relatively straightforward
and simply involves considered selection of the irradiating laser line such that it
corresponds to dectronic transition of the interrogated analyte this is knownas RRS5
Under these circumstances the moleculendergoes a transitionto an excited electronic
vibrational level and employment of this method can result in enhancements in the
range of 13-104.25

The obvious advantages of this method over conventional Ramaane that electronic

and vibrational information are simultaneously obtained and the selective
enhancement of certain bands results in simplified spectra which are easier to
interpret.25 However, problems surrounding fluorescence and sample degradation

must also be considered when implementig this technique2s

1.1.3 Surface enhanced Raman Spectroscopy (SERS)

Significant spectral enhancements are also observed if analyte molecules are adsorbed
onto a roughened metal surface and this phenomenon is known as surface enhanced
Raman scattering(SERS}:¢ Fleishmann et al. unwittingly demonstrated this in 1974
when an ncrease in signal intensity was observed from pyridine molecules adsorbed
on a roughened silver electrodé.The increase in Raman signal was initially ascribed to

an increased surface area but subsequent studies by the Van Duyne grauma Albrecht




et al.empirically determined that this could not accaint for the enhancements which
were observed45 The exact mechanistic details of the enhancement remainknown
but within the research community it is widely accepted that the enhancement arises

from combined electromagnetic and chemical effects.

1.1.3.1 Electromagnetic Enhancement

The conduction electrons on a metal surfacecollectively move following laser

irradiation and this movement is knownas surface plasmon oscillatiod® Ona smooth

metal surface the conduction electrons will only oscillatan a parallel direction but

roughening of the surface allows for the plasmons to additionally oscillate in the
perpendicular direction and scattering can now occubs 27 The surface associated
electromagnetic fields are now substantially enhancedntensifying the polarisation

experienced by the plasmons and any adsorbed molecueThis leads to significant

improvements in the scattering efficiency.

1.1.3.2 Chemical Enhancement

Chemical enhancement proceeds via the development of new electronic states which
form as the analyte molecule adstrs onto the metal surface?” Under these conditions

a series of charge transfer reactions can occur whereby the charge is transferred from
the metal to the analyte andthen back again before scattering oaas from the metal
surface?s.27 The newly formed electronic states and thesubsequent charge transfer
reactions additionally intensify the polarisation of the system and again significant

enhancements in the scattering can occur.

1.1.3.3 Suitable SERS substrates

Suitable SERSsubdgrates include metallic - electrodes36 coated spheres?® planar
surfaceg? and nanoparticles in a range of configurations including spherespds and
shells10.30.31 An equally vast array of suitable metals have been investigated and
include Auj2 Ag32 Cu3s 34 AlB34 In;34 Nag4 Li4 and K34 but colloidal suspensiors
prepared by the citrate reduction of Au and Ag salts are undoubtedly the most

prolifically used of all the substrates32.35

In terms of intracellular imaging their small size, largesurfaceto-volume ratio and
their unique chemical, phystal, electronic and optical properties pinpoint their allure

and implementation. Nanoparticle surfaces are also readily amenable to




functionalisation via reporter and bio- molecules resulting in theproduction of novel,

sensitive, selective, chemical anbiological sensing nanoscaffolds

In specific relation to their unique optical properties and as discussed previously in
section 1.1.3.1 thecollective movement of the conduction electrons is known as surface
plasmon oscillation. Specifically, this process is characterised by the electron cloud
being displaced relative to the nucleibut restorative forces in accordance with the
repulsion experienced by the electrons and the nucleirise and collective oscillation
results. 3¢ This can be tracked by monitoring the plasmon bandwhich will vary
depending on the nanoparticle system and the dieledtr constant of the metal and the
00001 01 AET C OGGi 1 OAT 686 OUOOAI
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Figure 1.2: The electromagnetic fields which are formed by the surface plasmons are strongly

enhanced and the experienced displacement of the nanopatrticle electron cloud is shown.

SERS enhancement values are reped as 1@ but this can be augmented by
nanoparticle aggregationwhich further incr eases the electromagnetic fielsl. 38.3% The
most intenseof which are thought to arise in the interstitial spaces between particless
Manipulation of this effect can be artificially attained by the use of aggregatiragents
such as sodium chloridess. 40 poly(L-lysine)34 and spermine4 However, artificial
aggregation is undesirable for cell based applicationsprimarily because it is
uncontrolled and the structural size must be tightly regulatedin order to maintain
uptake. The packaging of nanoparticles into elosomescan induce aggregation to a

certain extent but it is unlikely that the same enhancement will be attained.




1.1.4 Surface enhanced Resonance Raman Spectroscopy (SERRYS)
SERRS wadirst demonstrated experimentally by Stacy et al. in 1983 This final
modification of the original Raman technique involves analyte adsorptiononto a
roughened metal surfaceand the analyte is also characterised by an electronic
transition which corresponds to the frequency of the employed lasef 25
Implementation of the dual modes of enhancementeads to significant increases in
scattering efficiency in thel012-1014ranges 25 Fluorescence issues associated with the
resonance technique ae negated by the incorporation of ametallic scaffold which
effectively quenchesany fluorescence. Similarly,as a direct result of the cordrred
enhancement,concerns regarding sampladegradation can now be managed effectively

by limiting the measurement acquisition and the laser powe¥.

1.1.5 Raman Imaging

Instrumental improvements have undoubtedly revolutionsed Raman spectroscopy as a
fundamental analytical technique. The development of sophisticated systems coupled
to moveable stages and microscopes more akin to a biological laboratory have seen a
further reinvigoration of the technique. The result being that Raman spectroscopy has
found application in avast array of research fields and most significantly iin vitro, ex

vivo andin vivoimaging for the detection and characterisation of diseases.

For fast, lowresolution imaging, the opticalset up of the systenis designed to produce
a laser line on thesample The samplés then effectively rastered by the laser through
movement of the motorised stageeneath the objectivet2 The data which is generated
for the entire line at each step within the predetermined sampling area is
simultaneously recorded by the detector*?2 The obvious disadvantage of thenethod is
that the collected images are of low resolution but the speed by whicthey can be

collected can offset thigs3

Similarly, for the generation of high resolution imagesthe optical set up generates a
laser spot on the sampleAgain, he motorised stagemoves beneath the objective such
that the laser spot interrogates at every defined step of the prdetermined sampling
area#2 Unlike line mapping, a single spectrum is collected from each point on the map

as the spot moves across the sample. The obvious advantage is that the images are of




higher resolution than those generated by line mapping but the speed at which images

can beacquired is sacrificed2 44

1.2 The Cell

1.2.1 Basic Cell Structure and Organelles

Cells are the basic units of all living organism@&nd the way in which they are
structurally organised can be used to differentiate them into two main types;
prokaryotic and eukaryotic. All single celled organisms such as bacteria and archaea
are examples of prokaryotic cells and they are distinguished from eukaryotic cells by

the absence of a nucleus and oghn membrane bound organelleg5

Eukaryotic cells are more highly organised and are the structural building blocks of all
other forms of life. The outer wall of a eukaryotic cellis composed of a phospholipid
bilayer in which cholesterol, carbohydrates,glycol- and integral proteins are all
embedded4® The phospholipid bilayer essentially consists ofhydrophilic head and
hydrophobic tail regions and it is this membrane which is responsible for the
regulation of components into and out of the cellCholesterol is interspaced between
the phospholipids in mammalian cells in order to strengthen the bilayer. Integral
proteins are also interspaced throughout the bilayer and the quantity and type
ultimately determines the role of the membrane4s The outer surface of he bilayer is
also randomly impregnated with glycoproteins and carbohydrates which are
specifically for identification purposes, for example in blood typing4s If the identity of
the carbohydratesand glycoproteins present on the cell surface is knowrhen they can
be specifically targeted with nanoparticle systems4s This has recently been employed

for the differentiation between cancerous and norcancerous prostate cellgs

Within the cell the most important of the organelles $ arguably the nucleusespecially
when considering the residence ofthe majority of the genetic material within its
structure (Figure 1.3).45.47 Entry into the nucleus is permitted by way of thenuclear
envelope which itself consists of a double membranédn the interior of the nucleus,
chromatin can be found which is compsed of protein and DNA The nucleolusalso

resides within the nucleusandis the site of ribosome synthesisKigure 1.3).45




The endoplasmicreticulum (ER) is a membrane bound manelle within the cell which
consists of two well-defined sections namely the smooth and the rough ERFigure
1.3). The two surfaces are distinguished by their action and appearance, with
ribosomes patterning the surface of the rough ER® Protein synthesisis initiated within
the rough ER whilst enzymes within tle smooth are responsible forlipid synthesis,
carbohydrate metabolism and drug detoxificatiort> Adjacent to the ER is the Golgi
apparatus which is the logistic centre of the cell. It is responsible for the sorting,
modification and distribution of products from the ER(Figure 1.3). The transGolgi
network (TGN) is the distribution centre and vesicles can bud from its surfacéo
transport cargoto the specified locatiors.4

Nucleus

Nucleolus

Golgi apparatus

Endoplasmicreticulum

Mitochondria

Figure 1.3: Eukaryotic cell structure z the principle cell organelles have been identiéd and
include the nucleus, nucleolus, Golgi apparatus, endoplasmic reticulum amitochondria. Image

modified and reprinted.*8

The mitochondria are also membrane bound organelles and thegre considered to be
the powerhouses of the cell since oxidative phosphorylation, the process by which ATP
is generated, occurs within the inner membrane spacl€. Mitochondria are
characterised by tvo phospholipid membranesthe outer of which is smooth but the
inner is highly folded and these invaginations areknown cristae4s Within the

boundaries of the cristaefatty acid oxidation andthe citric acid cycle takeplace45.4®

1.2.2 Cell Lines and Research

The cell lineswhich are selectedfor use in researchare often dependenton thelines a
laboratory has access to and is licensed to culturélacrophage and dendritic cells
derived from Balb/c mice and the immortal epithelial cell lines, HeLa and Chinese

Hamster Ovarian (CHO) cellsvere of interest for this research.




Dendritic and macrophage cells derived from Balb/C miceare phagocytic cellswhich
engulf a vast arrayof foreign material non-discriminately.5° This non-specific uptake of
material defines their suitaklity for use in nanopatrticle uptake studies.The oldest and
most commonly used cdlline is the HeLanamed after the patient, Henrietta Lacks,
from which they were originally derived. HelLa cells arerobust, proliferate at an
abnormally rapid rate and are easy to culture hence their use in a research
environment. Similarly, CHO cells also demonstrate an ease of culture and although
they proliferate at a lower rate than HelLa cells they are also ideally suited for research

purposes.

1.3 Cellular Uptake of N anoparticles and Delivery Strategies

Before any intracellular investigation can be commenced nanoparticles must navigate
the plasma membrane and enter cell&: 5! Internalisation can occur by numerous
pathways for example functionalisation with ligands which wil interact directly with
membrane receptors? or indirectly through electrostatic or hydrophobic mechanisms

between the particles and thegplasma membranes!

1.3.1 Endocytosis

Nanoparticle introduction is predominantly thought to occur by endocytosis but this is

a broad term which encompasses a range of distinct pathwaysThe simplest and least
sophisticated method by which this occurs involves consumption of the particle by the
plasma membrane2* Once the particle las been engulfedthe portion of the membrane
surrounding the particle detaches resulting in endosome formatioi? This is beneficial
because the nanoparticle has successfully transversed the membrane but it is now
trapped within an endosome. In order to reach other parts of the cell it must escape
otherwise the risk of recycling and ultimately removal from the cell exist8* This
method of incorporation encompasses phagocytosis and macropinocytogiBigure 1.4)
and it is employed by dendritic and macrophage c&d which non-discriminately

consume material from the extracellular fluids

10



phagocytosis macropinocytosis clathrin-mediated caveolae-mediated
endocytosis endocytosis
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Figure 1.4: Mechanistically distinct endocytic pathways; endocytosis by membrane
invagination - phagocytosis and macropinocytosis, receptor mediated endocytosisclathrin-
mediated and caveolaemediated endocytosis® Reproduced and adapted froft with

permission of The Royal Society of Chemistry.

Clathrin-mediated, caveolaemediated and lipid-raft dependents? are all examples of
direct endocytosis which are thought to take advantage of the cell membrane
receptors 5! Clathrin mediated is the best documented and characterised of the three
processes. In simplistic termsnanoparticles functionalised with ligands bind to the
plasma membrane resultingin a surge of clathrin receptorsThis surge continues as the
membrane infolds on itself with the final result being a clathrindecorated vesicle as a

result of enzymatic membrane cleavage(Figure 1.4) 5154

The mechanistic details of the other receptor mediated pathways are not as well
documented but induction of the caveolagnediated path may be size and not ligand
dependant (Figure 1.4). Internalisation of fluorescent latex beads occurred by clathrin
mediated pathways when the particles were < 200 nm but as particles were increased

to 500 nm the adoption of the caveolae mediated pathway dominateéd.Caveolae
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endocytosis was also considered to be thdominate method by which viruses (e.g.
Simian virus 40 (SV 40))navigate across the cell membrangs; 56 57 Entry via this
method ensures avoidance of the endolysosomal pathway and thus virus survival.
However, the same research group also concluded that the virus could cross thell
membrane more efficiently when the cells werdacking in caveolaes8 57This highlights
the difficulty in determining the exad method of uptake andthe elucidation of the exact

mechanistic details.

Endocytosis mediated by lipidrafts (regions embedded with glycol and lipo proteins)
in the plasma membrane as the name suggeststake advantage of ligand receptor
interactions between proteins and functionalised nanoparticles. This recognition
system is useful in surface targeting and also in intracellular delivery of drug
conjugates?6.50 Partlow et al. demonstrated that ghospholipid coated nanoparticles
which were also functionalised with a ligand for specific receptor targetingused this
method of cell entry, undergoing lipid exchange and fusionreactions with the cell
membrane’® Such systems can additionally bdunctionalised with lipophilic drugs
which will partition into the lipid layer , thus facilitating drug transport into cells.?
Infection agents can also manipul lipid-rafts in the plasma membrane to ensure their

uptake.51.60

Regardless of the exact method of endocytosis it has been actively demonstrated that
several mechanisms caroperate simultaneously to facilitate transport across the cell
membrane. In one study where clathrinmediated endocytosis was found to be the pre
dominant method of uptake, nanopatrticleinclusion continued to occur even when this
pathway was inhibited5! Subsequent inhibition of macropinocytosisbut not clathrin
mediated processesalso resulted inreduced nanoparticle inclusion This suggestshat
the particles were taken into the cellby both clathrin mediated and macropinocytosis
processes! Similarly, Ochsenkuhret al. demonstrated thatwhen inhibitors to energy-
dependent, lipidraft and clathrin mediated methods of uptake were deployed
nanoparticle uptake did not decrease indicating that endocytosisalone was not
responsible for cellular inclusions3 It was postulated that the particlesinteracted with
OEA 1 AT AOAT A ET OOAE A xAU OEAO A A& Oi

uptake.ss3
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1.3.2 In situ Synthesis of Nanopatrticles

Au and Ag nanoparticles caalso be synthesisedn situ by the introduction of their salts
into cells. For example, Au3t and Ag salts which are consumed by the celire reduced
intracellularly to form nanoparticles24 6265 This method of synthesis is particularly
advantageous forAu since thenucleié® has been reached in several human cells lines
and in bacterial cellsaccess to the cytoplasm is readilgchievables2 Unsurprisingly and
presumably because of theibactericidal action Ag nanoparticles cannobe synthesised
within bacterial cells but they can be producd intracellularly in fungi.6¢ The main
advantage of this method is its simplicity sincenuclear targeting can be difficult to
achieve even with highly desiged nuclear targeting conjugates. However, since the
method is reliant on the native cell chemistry there is no control over narparticle
growth or potential adulterants. In some instances this has led tbiofouling of the
nanoparticle surface and the fornation of small particles which because of their small

sizeare unsuitable for imaging purpose$s.65

1.3.3 Physical Methods of Introduction

As a garanteed method of cellular introduction nanoparticles can be physically
introduced into the cell by using either microinjection or electroporations?
Microinjection uses a glass micropipette with a fine tip for nanoparticle delivey in a
manner analogous to that used irn vitro fertilisation. 51 With electroporation holes are
temporarily generated within the plasma membrane by the application of a voltageé
The obvious advantages fo both methods are that a higher concentration of
nanoparticles can beincorporated than can be achieved by uptakethe methods are
compatible with a host of cell linesand most importantly the nanoparticles have not
been endocytosed andherefore are freeto access regions of the cell which may have
been previously prohibited by endosome enclosuré! However, both methods require
sophisticated experimental setups a certain degree of technical training and they are

not in any way representative of actual cellular uptaké!

1.3.4 Biochemical Manipulation for Improved Cellular Delivery

The concept of functionalising nanoparticles with ligands to manipulate receptors on
the cell membrane has already &en discussed (see section 3.1). However, this can be

extended further to facilitate optimal uptake by the cell and even nanoparticle escape

from vesicles and passage across organelle membrar#g? In the most elegant and
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sophisticated of the examjes the targeting moiety caninitially be hidden from the cell
with exposure resulting after successful passage through the cell membrarfé. This
Trojan horse approach is mutually beneficial since the targeting entity is protected

when crossing the membrane andimilarly uptake is not retarded by its presence.

A commonly used method for increasing uptake across the cell membrane involves
functionalisation or coating of the nanoparticles with cationic molecules. To date
positively charged small moleculest liposomessg® polymerse® and cell penetrating
peptides (CPPs)rich in the positively charged residuesarginine and lysing 7.47.70-72
have all been employed to enhance uptak€ell uptake is thought b be enhanced by the
electrostatic attraction between particles which are positively charged and the
phospholipid membrane which is negatively charged It was postulated thatthrough
this interaction nanoscale holes formed in the membrang& Lin et al. recently
determined this experimentally whereby the structure of the cell membrane was
simulated using dipalmitoylphosphaticlylcholine as lipid molecules. Hole formation
depended on the size of thetargeting entity and its shapebut positively charged
nanoparticles directly transversed the membrane?3 It is now thought that positively
charged particles bind to negatively charged proteins ithe lipid bilayer and as more
positively charged molecules approach the membrane, the local electric field changes
resulting in the spontaneous formation of a membrane hole and trapert of the
positively charged molecules into the cell.”3 Cationic particlescontinue to participate in
conventional endocytosis but this offers one theory as to y uptake is greater for

cationic molecules.

For organelle specific targeting the nanoparticles must be functionalised with an entity
which has an affinity for surface antigens or membrane receptors on the organeffe?s
As mentioned earlier Trojan horse approaches are elegant examples of navigating
nanoparticles across the plasma membrane. Such approachéxlude protective
encapsulation of nanoparticles in degradable polymers (degradation is usually
environmentally led) and this surface layer facilitates transport across the plasma
membrane whilst ensuring protection of the targeting moietys? Kim et al.
demonstrated this principle whereby quantum dots were functionalised with targeting
antibodies before polymer coating with poly(D,Llactide-co-glycolide) (PLGA)s7 Once
inside the cells the endosome pH altered theharge of the polymernegatiating particle

release from the endosome, befe cytosol mediated degradationoccurred facilitating

14



release and initiatingthe targeting capability of the quantum dotsé? Similar approaches
can also be achieved with CPRand Jin et al.demonstrated this principal with peptide
and drug functionalised micellar nanoparticles> The driving force for this
demonstration results from the fact that sitively charged amino acids on peptide
sequences can frequently participate in norspecific interactions. Howeverconversion
of these side chains to no#interacting equivalents ensures that their targeting
capability is maintained while cell uptake is achieved. As with the former example
environmentally led pH changes restoredthe peptide to its original conformation

allowing for controlled, target specifcc, drug delivery?s

1.4 Nanopatrticles and Cell Toxicity

Nanotechnology, specifically nanoparticle derived biomedical and biodiagnostic
applications have increased exponentially in recent year$ Intrinsically linked to this
growth is an imperative need for the determination of nanoparticle toxicity, in
particular, for those systems which are destined for medical use’ Any issues
surrounding safety must be predetermined via initial in vitro and subsequentin vivo
studies but fortunately the range of bxicity tests and the toxicological parameterdor
which they test, is vast?6 For example, they can be used tetermine compromised cell
and lysosane membranes, impairment of mitochondrial and cell metabolismas well

detecting anyindicators of membrane apoptosis’’

As mentioned previously Au and Ag nanoparticles are some of the most prolifically
used scaffolds and as result the discussion will be restricted to Au and Agé-84 When
considering Au and Ag nanoparticles, Au is widely considered to be the more
biocompatible of the two but at the cellular level negative effects can #telicited. For
example, when Au nanoparticles were introduced to lung fibroblastsn vitro a
concentration dependant inhibition of cell proliferation was found in addition to gene
damage, specifically for those genes associated with maintaining genomtalslity and
the repair of damaged DNA&° Similarly, the introduction of Au nanoparticles into
dermal fibroblasts again resulted in reduced cell proliferation and a redudbn in
protein and collagen synthesi$® However, despite the induced damage it was
discovered that the cells could recover following nanoparticle remova&k In
contradiction to the two previous studies it was found thatwhen Au nanoparticles of

varying size and surface functionalisation were applied to humaleukaemiacells none
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of the particle arrangements were toxic’® 7 Similarly when Au nanoparticles were
introduced into macrophage immune effector cells thy did not display any
toxicological effects and were actually found to reduce the reactive oxygen (ROS) and
nitrate species(RNS)s6

To fully understand nanoparticle toxicity consideration must also @ given to the
functionalisation agentsince it is this moiety which will ultimately be presented to and
interact with the cell membrane. Goodman et al. found that nanoparticles
functionalised with cationic linkers were more toxic than their anionic functionalised
analogues However, this increasedtoxicity is not necessarily a representative or
comparable effect and may result from an increased uptake of the cationic particles due
to their favourable electrostatic interactions with the plasma membrang3
Consideration of this effect should be given especiallgince cationic scaffolds are

frequently employed because of this enhanced translocatici3

Murphy et al. were also keen to highlight the needor discrimination between toxicity
and cellular impairment’8 Many of the employed tests only monitorfor specified
toxicological parameters which may not be reflective of conditions associated with
impaired viability.7® This principle was demonstrated when citrate reduced
nanoparticles were exposed to dermal fibroblasts. In the cells where nanoparticles
were found their localisation was associated with the disappearance of actin stress
fibres thus effectively minimising the capability of the cell to adhere, grow and

synthesise proteinss?

As with Au and depending on the circumstances Ag nanoparticles can also elicit a
toxicological response? For example, in nacrophage cells a plethora of responsesgere
induced following uptake,including impaired mitochondrial function and the induction
of responses associated with free radical and cytokine synthesi¥he worst of the

effectsinduced damage resulting in apoptotic cell deathg

Similarly, as with the Au particles surface functionaBation can have aignificant effect
on the measured response. Ahmesdt al. demonstrated that when unfunctionalised and
polysaccharide coated silver nanoparticles were introduced into two different cell lines
the elicited response was greatest for thdunctionalised particles® This response

manifested itself inthe form of damage to the cellular DNAthe most extreme of which
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resulted in apoptosis84 In a separate study the opposite effect was founénd
increasing surface functionalisation effectively reduced the toxicity of the systefs
Nanoparticles were functionalised with mercaptoundecanoic acid (MUA), MUA dn
poly(isobutylene-alt-maleic anhydride) (PMA), MUAPMA and 1 PEG and MURMA:
saturated with PEGand the later nanoparticles exhibited the lowest toxicity?® These
studies highlight the variability that can be obtained andhow the measured toxiaty is

highly specific to each system.

Sizedependant toxicity wasalso demonstrated by silver nanoparticles when they were
introduced into alveolar macrophages$! The toxicity manifested itself in the form of
oxidative stress and asignificant increase inROSwas observed as the nanoparticles
were decreased in size from 3d5 nm 8! Oxidative stress of this kind is alarming since
irreversible cell damage can result and at pécularly elevated levels apoptosis will
occur8! When size dependnt effects were studied further similar results were
observed formacrophage cellsThe toxicity response was again in the form of oxidative
stressand was greatest for the smallest nanoparticles (20 nra.f.80 and 113 nm)% In
the same study Parlet al. also directly compared macrophage and fibroblast cells. The
toxicity effects were found to be more pronounced for the fibroblasts, further

highlighting differential responses between cell lines°

The toxic effects and/or cellular impairment displayed by Au and Ag nangarticles is
highly variable and afull understanding of the threat can only be achieved when
consideration is given to the particle size, shag surface functionalisation and the
specific cell line inquestion since all can influence the toxicity displayeds.®t With this
in mind it would be prudent to incorporate toxicological studies as part of the standard

experimental remit for any new body of research8

1.5 In vitro, Ex vivo and In vivo Applications of Raman and SERS

1.5.1 Raman Spectroscopy and Cells

Raman spectroscopy is a hodestructive and norrinvasive analysis technique which is
ideally suited for studying cellular structure and monitoring cellular events relating to
cell health and viability 9294 Alternatives to Raman spectroscopy for monitoring cellular
structure include fluorescence, scanning electron microscopy (SEM) cryoelectron

microscopy and Xray diffraction and topography®4 ¢ However, none of these
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techniques can offer the molecularly richand biochemically specific information
provided by Raman. The techniques are also invasive and the processessaimple
preparation including staining, fixation or freezing can destroy or distort thecell and
the spectral information which is obtained.%4 Instrumental improvements have also
ensured that Raman spectroscopy can be used i number of configurations to
accumulatethe information which is required. For example the attainment of a live cell
image does not require the same resolution as an image detailing organelle structure.
As such the laser powerspatial resolution and acquisition time can all be tuned

accordingly %

From the outse the resolution of cell organelles by Raman spectroscopy may seem like
a trivial matter especially when considering the sophisticated applications of the
technique for in vivo disease detectiorf”. 9% However, organelle resolution and
structural characterisation of the cell are equally importantfor the determination of
disease.The architecture of the cell can be altered cons@ably during processes such
as differertiation, 93 mitosis and apoptosis® and uncontrolled division and cell death
can be indicative of pathosis, including tumour growth, inflammation, HIV infection and
T AOGOT AACAT AOAOGET 1 AEOAAOAO OOAB The®fore0 AOEET (
documentation of this can allow for characterisation of the celtycle, cell health and
viability.®® As with many applications of Raman the employment of chemometric
methods has permited the resolution of cell oganelles From large identifiable
structures such as the nucleu® to much smaller membrane bound vesicle® and
organelles like the mitochondria?® The implementation of fluorescent stains in
conjugation with Raman imaging has resulted in a sophisticated publicationto
differentiate between the major cell organelles including the nucleus, mitochondria, ER
and the Golgi apparatus(Figure 1.5)9 The fluorescent stains delineated therganelle
boundaries such that the Raman spectra could bextracted from these locations to
determine organelle specific spectrdFigure 1.5).94 This is a critical stepforward since
these membranebound organelles with the exception of the nucleus are structural
similar and difficult to differentiate between. The confident spectral resolution of these

i OCAT AT 1 AO BT ARG 6171 0i Al 8 AEOARD] aOhdnded O x E| |
in cellular organisation that occurs as the result of disease process¥®sThe advent of
3D Raman cell imagingwhich has also resulted in the resolution of cell organelles, will

also undoubtedly be important in the abovementioned scenarios where the cell
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architecture changes:190 3D tissue imagingwill alsobe useful for monitoring changes

as a result of infection or injury00

-

Figure 1.5: Comparison between the immunofluorescentimages and false colour images
created using organelle specific Raman spectra. -d) immunofluorescent and e}h) Raman
images corresponding to the cytoskeleton a) and e), Golgi b) and f), nuclei c) and g) and
composite image d) and hy4 Modified and reprinted from Biophysical Journal, Vol. 102, K. Klein,
A.M. Gigler, T. Aschenbrenner, R. Monetti, W. Bunk, F. Jamitzky, G. Morfil, R.W. Stark and J.
Schlegel, LabeFree LiveCell Imaging with Confocal Bman Microscopy, 360368, (2012), with

permission from Elsevier.

Raman spectroscopy caadditionally be used to give arindication towards cell health-
readily differentiating between healthy and diseasedcells based on their spectral
signatures10! Live and dead cellsan be distinguished based onDNA peals at 782, 788
and 1095 cm! but most notably by the peak at 788 cr. In dead cells this peak was
found to reduce significantly in intensity.102 The authors also observed that spectral
variations were apparent in cells at various phases of their life cyclg®2 Cell death in
response to an external stimulantwas also monitored and the same reduction in the
peak at 788 cmt, which is characteristic for DNAwas observedfor the dead cellsto3
The authors noted that this could provide a method to evaluate toxicitin response to
the effects of an external stimulant (i.e. nanoparticles) ands a nondestructive method
for determining cell viability.192.103 |ndeed, @Il stress as a result of exposure to an
external stimulant was latterly measured in this way. Changes were observdd the
Raman spectraand morphological changes were evident in the white light and false

colour Raman imageswvhen cells were exposed to the lysis agent Triton-X00. In the
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highly stressed cells morpholgical changes in the false colour maps were indicative of
apoptosis, including contraction of the cell and nuclear attrition 204 Cell stress can
additionally be monitored by Raman byway of autophagyz a survival mechanism
whereby cellspackage material into vesicles known as autophagosomeés response to
toxins, famine and as a method by which to remove degraded cellular componefis
Similarly, the process of apoptosisan be followed using Ramamnd it was found that
DNA specific bands increasedn intensity in accordance with condensation of the
nucleus.106 The oxygen status(oxygenatedvs. deoxygenated)of single red blood cells
was also determined by Raman spectroscopyand this may prove to be diagnostically

important for pathosis which afflict erythrocytes.107

Cells can ale be readily distinguished on the basis of their phenotypic differences and
this has been used to discriminate between borié8 and lung cells®® and more
importantly in terms of disease diagnosis between cancerous and nearancerous

cells110,111

In order to direct the differentiation of stem cells there is aneedto determine the initial

cellular status. This can currently be achieved by immunohistochemical methods bitt
represents an invasive method of analysis2 However, Raman spectroscopy in
conjunction with chemometric methodsrepresents anon-invasive alternative by which
to discriminate between differentiation statuses. 112113 The authors found that the
spectral differencescould beattributed to compositional variations in the protein and
DNAZ!13 The spectral determination ofRNAcontent has also beervalidated as a method

for distinguishing between undifferentiated and differentiated stem cellg14

1.5.2 Raman Spectroscopy and ex vivo/in vivo Applications

1.5.2.1 Breast Cancer

The incidence of breast cancer in the UK accounts for the greatest proportion of all
cancer diagnosis and like all forms of the disease there is a demafa sensitive,
selective and noninvasive detection® The feasibility of using Raman spectroscopy to
detect breast cancer was firstdemonstrated experimentally in 1991. Alfano et al,
employed Fourier transform (FT) Raman spectroscopyand postulated that the spectral
variations between cancerous and nostancerous tissues could be implemented as a

method for disease diagnosists Confocal Raman measurementalso demonstrated the
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ability to distinguish between healthy, benign andmalignant tissue samples In this
particular study the compositional differences were investigated and thechanges were
used to successfly determine the pathology ofthe tissueswhich ranged from healthy
to fibrous to canceroust!i¢ Further technical progressions and asubsequent adaptation
of the original Raman techniquealso led to the development of spatially offset Raman
spectroscopy (SORS) This has a demonstrated ability to differentiate between
calcifications associated with cancerous and nenancerous tissues at a depth d8.7
mm.117 The authors reported that this could be used to complement the current clinical
method of detection, mammograpy, whilst simultaneously demonstrating the
potential to minimise the number of invasive biopsieg!” Successive developments and
the implementation of an advancedtransmission Raman setup increased the thickness
of tissue through which cancerous and nomancerous samples could be
differentiated 118 The depth of detection was increased to 27 mm with anything above
20 mm being classified as clinically significantdr in vivo detection. This further
highlights the applicability and relevance of implementing the technique in a clinical
environment.118 More recently SORS haselen investigated as a possible method for
analysing the boundarysurrounding the area from where diseasedbreast tissue has
been removed!!® Reappearanceis usually in close proximity to the original site of
cancerous growththerefore there is a critical need to characterise theemaining tissue
to ensure that all the diseased sections are removedvhilst minimising the loss of

healthy tissuet1?

This is inno way anexhaustive review of the implementation of Raman spectroscopy in
the diagnosis of breast cancer but it does highlight the possibility of using the method

to do so and the potential for it to be applied in a clinicaletting.

1.5.2.2 Skin Cancer

The nonrinvasive nature of Raman spectroscopglso lends itself for implementation in
the diagnosis of skin cancerespeciallyconsidering that the current diagnostic method
primarily involves invasive biopsy procedures!20 In a study analysing 453 samples
including melanomas, carcinomas and the nenancerous skin lesions keratosis and
nevi the technique siccessfully discriminatedbetweenmalignant andbenign lesionst2o
In addition to diagnosis it is suggested thaRamancould beimplemented to accurately

determine tumour boundaries in a manner analogous to that described for breast
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cancer in the previous section®” As with breast cancer there is a real need forthe

thorough ablation of the malignancywhilst minimising the removal of healthy tissue 97

1.5.2.3 Prostate Cancer

The detection of prostate cancervia Raman spectroscopywas initially determined in
vitro by Crow et ali2l |t was found that it was possible to differentiate between
cancerous and norcancerous samples andavithin the cancerous sample sett was also
possible to differentiate specimens based on their differential levels of
aggressiveness$2! The authors noted that dstinguishing between samples in this
manner would lend the technique for application in tissue grading?! Later studiesalso
investigated whether the same principles could be applied for the differentiation of
representative prostate cancer cell linesAs with the tissue samples, it was found that
Raman wa a suitable method forcell line discernment 122 Subsequent studies looked
at the feasibility of using a fibre optic probe system for the diagnosiand it was found
that it was possble to distinguish between malignant and benign samples with a
reasonably highlevel of accuracyt2? Implementation of the fibre optic probe was a
significant step forward and its design was suchthat it could easily be coupled to

current endoscopes highlighting the ease of implementation for clinical sadies.123

1.5.2.4 Bladder Cancer

In a manner analogous to that described for the detection of prostate cancer it was
possible to use Raman spectroscopipr the differentiation of malignant, inflamed and
normal bladder samplest24 In vitro fibre optic probe analysis was also performed and
again it was possible to ditinguish between those samples which were malignant and
those which were benignwith a reasonably high level of accuracy!?® As with the
prostate cancer discussed abovéhe use ofa fibre optic probe highlighted the potential

to rapidly implement the technique for analysisin vivo.123 Successfuin vivoanalysis has
taken place and it was possible to distinguistregions of the bladder that were

cancerous from those which werenormal .125.126

1.5.2.5 Cervical Cancer

Cervical cancer is currently detected via screening and histopathology methods which
can lead to erroneaus results since they are reliant on human collection and
interpretation. 127.128 However, initial results based on the use of Raman spectroscopy

for the diagnosis of cervical cancewere particularly encouraging and not only was it
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possible to distinguish cancerous from nofcancerous tissue but abnormalitis such as
inflammation and metaplasia could beeadily differentiated from the actual cancerous
samplesi28 Despite thesepromising results the data was collectedin vitro and the
authors warned that the method was not yet suitable for extensioin vivobecause of
the extended acquisition times12¢ However, subsequentin vivo experiments were
successful atdifferentiating between cancerous, norcancerous and altered tissue
samples. Nonetheless the initial sample setwas small and again the diagnostic
acquisition times were long (1-3 min).12® In accordance with instrumental
developments in particular miniaturisation which resulted in a portable system andn
compliance with application in a clinical settingmuch shorter acquisition times (5s c.f.
90s) were implementedi29.130 |n this much larger clinical study it was possible to
differentiate between the tissues which ranged from normal tdienign to dysplastic.
The tissue wasalso graded with higher sensitivity and specifcity by the spectroscopic

method than was achieved byhe histopathology expert130

1.5.2.6 Colorectal Cancer

The current methods for screening of colorectal disease are not necessarily fit for
purpose since many of thendistinct lesions escape detection and for those patients
who present with several lesions multiple biopsies an be somewhatunfeasible!3! As a
result of this, analysis and biopsy usingn vivo Raman spectroscopy has becoman
appealingreplacementespecially since naltiple lesions could be characterised without
the need for tissue removall3! Several groups have looked at methods for
distinguishing between normal,altered but non-cancerousand cancerouspolyps. Each
group found it was possible to differentiate between the tissue gies with high
specificity and sensitivity132.133 Similarly, when a probe based system was testeinh

vivo cancerous polypswere identified wit h high sensitivity, specificity and accuracy34

1.5.2.7 Alternative Disease Based Detection Systems

In addition to the other forms of cancer discussedancer of the oesophagus is another
area which has been intensely studieé® As with many of the disease processes
outlined it was possible todiagnose and classify tumours with high sensitivity and
specificity when in vitro samples were analysed by Raman spectroscof? Successful
in vivo studies havealso been performedt3¢ but some leaders in the fld report that
there is still a real reed tosubstantiate the capacity of the technique to grade tissuesn

vivo and in general there is a need to make the technique more robust in terms of
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repeatability especially when considering the variability in instument setups? A proof
of concept study also investigated the possibility of detecting brain tumoursn vivo, in
mice modelst3” The authors reported that the tumours could be located with an
accuracy of approximately 250 pnand while principally a demonstration of what could
be achieved, the authorsemphasisedthe possibility of using Raman spectroscopy for

brain analysis and tumour detection in a live subjects”

Raman spectroscopy is not limited to the detection of cancer and research has
postulated that the method ould be used for the characterisation and monitoring of
atherosclerotic plaquest38 In the UK alone coronary heart disease and the conditions
which stem from it cost an estimated £19 billiori3® This is clearly an extensive and
significant problem and Raman was found to be a suitable methodylwhich plague
deposits could be distinguished and their size determinetk8 The effects of statin drug
treatment were also tracked, and in mice that were provided a cholesterol rich diet, the
statins successfully minimised plaque formatiort3® Whilst this remains a proof of
principal study there is potential for extension to studies in man and although not

demonstrated, remote sensing could be achievedith a fibre optic probesystem.38

Similarly, Raman spectroscopy has been implemented to monitor organ rejection in
patients following transplant proceduresi4o. 141 While not directly involving the
detection of disease, it is possible that the processes which led to transplant were the
result of disease, forexample, coronary heart or chronic kidney diseasand these
studies demonstrate the application of Raman for monitoring subsequent disease
effects.In the particular instances of heart and kidney transplant the confirmation of
rejection requires an invasve biopsy procedure and the observation of an elevated
serum creatinine level, respectivelyi40.141 However, the rejection of heart tissues can be
characterised byserotonin biomarkers, which can be detected using Raman, presenting
a viable noninvasive alternative to biopsy!4! While the methods for monitoring kidney
rejection do not require the same invasive procedures, by the time detection of serum
creatine is confirmed significant deterioration of the organ can have occred. 140
Raman spectroscopy was employed as a method to differentiate betweercélls which
were produced in response to different stimuli (i.e. in response to rejection and under
normal circumstances)!4® These were selected as biomarkers for monitoring the
rejection response since the process is primarily characterised by -dells. The

technique was found to be sitable for differentiating between normal cells and those
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which are characteristic of a rejection responsé° It should be noted that the Tcells
were not directly obtained from a patient undergoing rejection but rather the cells
were artificially modelled to be representative. Raman spectroscopytherefore

represents a viable alternative by which rejectin could be monitored.

1.5.2.8 Summary

Raman spectroscopy has found application in a wide variety of medical and research
fields because it offers a notinvasive, nondestructive and moleculaty specific method
by which considerable information can be gained. Instrumental improvements and
thoughtful design has led to a whole ange of suitable configurations,including
portable fibre optic probe based systems, for analysis in a variety of setting&lthough

it is an inherently weak process with careful consideration and optimisation of the
employed laser power and acquisition time clinical relevant signals can be achieved
from a whole host of biological matrices. Central to all of the discussed djgations is
the implementation of chemometric methods and it is these which are responsible for
the elucidation of information hidden within the Raman spectra Chemometric methods

also allow conclusions to be drawn with statistical significance.

1.5.3 SERS andin vitro Investigation s

1.5.3.1 SERS andntracellular Investigations of Cell Components

Raman spectroscopy is routinely used fothe analysis of cell structureand highly
detailed images can be obtaine® However, since it is an inherently weak process
intracellular signals can be enhaned by the incorporation of metallic hanoparticles:2
142 The SERS based method églvantageous since it can provide information relating to
the intracellular localisation of the nanoparticles andalso about any intrinsic bands

which may be selectively enhanced by th& presence?4

The ellular composition can also be derived bythe analysis of intrinsic cell bandst42
Kneipp et al. demonstrated this by measuring signals in live cells from protein, amino
acid, DNA and RNA componentg? Additionally, they determined that by measuring
representative spectral peaksof both protein and DNA it was possible to determine
their co-localisation.142 Protein was identified by phenylalanine at ~1004 cm! and DNA
by the bandat ~1120 cm1. The determination of thesesignalsnot only allowed for the

elucidation of the cellular components butthe method demonstrated how the signals
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changed throughout the cells and ultimately Were colocalisation occurred42
However, the obvious drawback of this method is that it does not provide a picture of
the cellin its entirety since nanoparticles are notdisseminated throughout cells in a

uniform fashion .24

Whilst probing the intracellular composition is undoubtedly intereding nanoparticle
incorporation can also be used to monitor cell events such as endocytodi®r example,
cells can be monitored throughout the pedod of uptake and the temporal spectral
changescan be used to provide information abouthe cellular environment.52.143 When
epithelial and macrophage cells were exposed to gold nanopatrticles th&RS spectra
changed with time, hcreasing inintensity as endocytosis progressed andsincreasing
numbers of nanoparticles were packaged intovesiclesd 52 Significant spectral
differences were observed between the two cell linefllowing vesicle enclosureand as
might be expectedthis indicated that the two cells lines subjeatd the nanoparticles to

distinctly different, cell specific,endosome treatments2

The introduction of metallic nanopatrticles ca be further used to assestfe cycle stage
and to differentiate between cancerous and noiancerous cellshus providing means
by which to assess health4 144 145 For example, wen silver nanoparticles were
introduced into cancerous and norcancerous tissue samples spectral variations
allowed for their discrimination 24144 This method of differentiation is analogous to
many of those discussed in the previous section (section 1.5.2) with the exception that
the signals are mw enhanced bynanoscaffolds?4 Programmed cell deathcan also be
monitored through the appearance of DNA bands in the spectrat present, ruclear
penetration or targeting can be difficult to achieve and as a result only a few DNA bands
are typically observed when unfunctionalised nanopartiacts are present in healthy
cells. However,in apoptotic cells the nucleuscondenses and then fragmentsand DNA
bands can be measured throughout the cei#> While apoptosis can be monitored via
intracellularly located nanoparticles the SERS effectan be manipulated in an
alternative fashion to provide a labelfree method by which to also monitor
apoptosis46 Jianget al. directly formed silver nanoparticles on the surface of silicon
wafers which were subsequently used as attachment surfaces for cell growt$. Cell
death, as with the intracellular method, was monitored via DNA spectral variations

further highlighting the applicability of SERS fomeasuring cell life cycle stagét
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1.5.3.2 SERS Nanotags

To actively image and/or target and detect diseasdn vitro, ex vivoand in vivo the
Ol PEEOOEAAOGETT 1 &£ OEA EiI DI AT AT OAAin GttoAT T OACE
methods have employed unfunctionalised nanoparticles for simple sensing
applications, including the monitoring of enzyme activity 147 or in the determination of
intracellular components42. Whilst more sophisticated systems rangdrom metallic
nanoparticles labelled with reporter molecules 7.8 148-150 to even more complicated
systems with mixed reporter monolayers?5!, dually functionalised systems consisting
of reporter molecules and membrane penetrating or targeting antibodies. 152, 153,
peptides 7 70. 71 or oligomers154 To minimise or prohibit degradation from the
surrounding environment nanotag structures can be afforded a certain degree of
stability by silica 101239 or polymer encapsulation. ¢ 155 15 The incorporation of
polyethylene glycol (PEG) again offers protection from the chemical and physical
environment, minimisation of non-specific binding 157 and, depending on the terminal
functionality, PEG isalso readily amenable for bioconjugation to a range of targeting

ligands.158

1.5.3.3 SERS Nanotags and pH Sensing

Intracellular pH probes havealso been developed by labelling metallic nanoparticles
with pH sensitive molecules such as mercaptobenzoiacid and mercaptqyridine.
Ratiometric peak variations at known pH values can be used to construct pH
calibrations to allow for intracellular predictions of pHZ159-162 Knowledge of the
intracellular pH is beneficial for many reasons particularly because it can be used to
decipher the cell specific endocytic pathway and it can also be used to design more
robust and elegant nanotags capable of escaping the endolgsmal pathway. The
endocytic pathway in HelLa cefl has already been deciphered using this methoék°
Pallaoro et al., found that theintracellular pH was predominantly pH 45 with a few
locations registering pH values of 6 and eveless measuring pH 7#8. On the basis of
these pH values it was concluded hiat clathrin mediated endocytosis was the
predominant method of uptake since the pH of endosomes generated by this pathway
are typically between pH4-5. Endosomes formed by aveolaemediated endocytosisor
macropinocytosis tend to have a higher pHFE® In addition to determining the specific
method of endocytic uptake intracellular pH measurementscan also monitor the
progress of pH sensitive nanotags along thendolysosomal pathway in accordance

with endosome maturation 163
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Complementary to pH measurements is the ability to monitor the intracellular redox
potential. Knowledge of this is important because it can vary at diffrent stages of the
cell cycle andin response to toxinsté4 Extremes of redox potential, in particular highly
oxidising environments, are often indicative of underlying disease coniions.164 In one
study, redox responsive small molecules were used to label gold nanoshells and their
ability to measure the intracellular redox potential was demonstrated$4 Auchinvole et
al. also reported that the redox sensors couldalso be developed further to target

specific organelles in order to monitor theirmodes ofredox regulation 164

1.5.3.4 SERSNanotags and In vitro Applications for the De tection of Disease

SERS based nanotags have been udeda variety of different formats for thein vitro
detection of disease. In some of the earliest examples, functionalised nanoparticles and
nanotags were not emplogd for the detection of disease,nistead metallic surfaces
were used to exploit the SERS effect. In one such system used for the detection of
glucose, spheres were coated in a layer of silver for the provision of the SERS
enhancement and they were subsequently functionalised with both deoathiol and
mercaptohexanol?®¢ Dual functionalisation with molecules of varying chain length
results in hole formation between the different chaingactively providing a region into
which the glucose molecules can enter and the response can be measured via SERS.
With the implementation of the system it was possible to quantitatively detect glucose
and the majority of the measurements were detected within levels which were
considered to be medically elevant?8 The authors al® reported that the system
worked effectively even wheninterfering analytes were present28 Detecting glucose in
real-time is of huge importance for diabetes sufferers who curmgly check their levels
via pin prick blood tests. With this method of maitoring huge variations in glucose
levels are often missed and in order to improve disease managemetttere is a real
need for accurate continuous monitors?8 Later work by the same group has strived to
further develop this method forin vivo sensing65-167 |n the initial stages the sensors (as
described above) were implanted into animal models and the glucose levels were
successfully measured via SERS and surface enhanced spatially offset Raman
spectroscopy (SESORS) respectivel§e-167, (SESORS shall be discussed further in
section 1.5.4.1). In the most recent @velopments, the same sensor has been
investigated via animal implementation16”7 The device was found to actively work over
17 days and more importantly the authors reported that between days 6 and 17, the

measuredglucose levels were found to lie withinthe clinically relevant levelsié? This
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elegant and sophisticated example is a significant step forward in thdevelopment of a
method by which diabetes sufferers could monitor and control iteir condition more
accurately167 A similar format was also used tomonitor lactate quantitatively.168
Variations in lactate levels can be indicative of trauma in a number of medica
conditions and as with glucose monitoring the ability to measure lactate in real time
would further improve the clinical care offered to patients suffemmg from a range of

conditions.168

In other examples, the SERS enhancement was achieved using metallic nanoparticles.

Using this format and a nanofluidic device Choet al.demonstrated the detection of the

[ -amyloid peptide, which is a key component in plaques isufferers of Alzheimer

diseaselsd [ -amyloid detection was achieved by concentrating the nanoparticles and

target molecules within the device, irradiating with a laser and monitoring the SERS

signde 41  AATTT OOOAOA OEA OAT OEGEOEOU 1T £ OEA 1
additional proteins of similar and different conformations. Analysis of theSERS signals

found that it was possible to discriminate between the different protein forns 6 in
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sheet forms dscrimination was also possibles® Having a method by which to

characterise the disease process ugely beneficial and it could be used as a methad

monitor disease development.s?

Unfunctionalised nanoparticles have also been used to monitorngyme activity

intracellularly. 147 This is relevant in terms of disease detection since some notable

diseases, includndA UOOEA EEAOT OEOh OAOEET OI 160 AT A 111
some form of abnormal enzyme activity!4” In the study Au nanoparticles were

incorporated by cell populations alongside the colourless substrate-%al, where upon

ET OAOT AT EOAOQGETT EO xAO AJAIUAAGEREAN AQR - QAAAJ W A
dibromo-t h-diohloroindigo. This transformation was characterised by the appearance

of a peak in the SERS spectra at 598 érand a blue colour which was indicative of the

turnover of the substrate by the enzymeigure 1.6).147 The conversion was specific to

the enzyme as confirmed when known enzyme inhibitors were introducedHigure 1.6)

and the corresponding reducton in the measured SERS signdf. High resolution

analysis of single cells and cell populations suggested that enzyme action was localised

in specific cellular compartments which were proposed to be endosome&’ The

authors expressed a desire to quantify enzyme levels within these compartments,
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particularly in response to different disease stimuli andstates since it is hoped that

such knowledge will facilitate the devédopment of suitable treatments147
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Figure 1.6: Intracellular conversion of XGA1 O1 OEA Al OA AdbioddOMA8 D OT A(
AEAEIT T O ET AE Clgalaatasidade A) whitk light bl falgse colour image based on

OE A -dibfornodt h-diohloro indigo peak at 598 cnt, B) corresponding spectra from the

highlighted areas and the associated false colour LUT bar and C) the effect of an enzyme

inhibito r on the measured SERS signal¥. Reproduced by permission of the RSC.

More recently systems for disease detection have looked at functionalised nanotdds.

172 |n one immunoassay, the detection of the carcinoembryonic antigen (CEA), a marker
frequently used for the detection of lung cancer, was achieved using a combination of
hollow gold nanospheres (HGNs) and magnetic bead®.Porter et al.also implemented

an immunoassay format for the detection of the pancreatic cancer marker, MUEC4.
This marker is suitable for detecting cancer since it appears to be absent in healthy and
pancreatitis-suffering populations170 Detection was achieved using SERS via gold
nanoparticles which were labelled with a rg@orter molecule and an antibody specific
for the marker. SERS was critical for the detection of disease, especially as the authors
noted that conventional immunoassay formats had failed to detect the protein in
human seral”™ In an extension of this initial work Porter et al. developed an
immunoassay system which couldsimultaneously detect two markers of pancreatic
cancerl’t The detection of multiple disease markers is a key step in the future of
disease diagnosis since it is rare for disease processes to be represented or
characterised by a single indicatot In addition, the detection of multiple aspects of a
disease will undoubtedly lead to better personalised medicine and immunoassays

could be extended to detect a pletbra of diseases simultaneously.
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Cell based detection is a vast field and in pacular research has centred on detecting
breast canceri73.174 One of the earliest studies employed SERS dots (arfoiof silica
encapsulated nanotags) functionalised with breast cancer (HER2) or leukaemia specific
antibodies (CD10)!73 Antibody functionalisation was required so that the dots would
bind specifically to the corresponding cell line and when the conjugates were incubated
with different cell populations this specificity was observed’3 HER2functionalised
dots only bound to the breast cancer cells and similarly the CD10 functionalised dots
bound only to the leukaemia cell$73 SERS signals were not observed when either of the
antibody functionalised nanotags was incubated with the control cell populatiof’3
This initial study highlighted the possibility of screening cell populations for cancerous
and noncancerous cells and, provided that each subset of dots was labelled with a
distinct reporter and an antibody, a range of disease could be detected simultaneously.
The authors also reported hat the method could potentially be implemented as an

alternative to the radioactive tagging of cells and tissueigs

Later, studies took advantage of the same binding relationship between HER2
antibodies and the corresponding receptors on cell membrane$.31 However, rather
than focusing on spherical shaped nanostructures rods and HGNs were investigated as
alternative imaging scaffolds:o. 3t In both instances, recognition viathe specific
antibody-antigen interaction was achieved and brighter images were observedrigure
1.7).30.31 The increased SERS intensity in the false caloimages were not the result of
any improvement in the binding efficiency but were a direct result of theenhanced
optical properties demonstrated by both the rods and HGNsFgure 1.7).30.31 The
authors suggested that both systems arextremely sensitive imaging agentand when
designing a disease detection system consideration should also be given to the imaging

scaffold especially if the disease target is present at low concentratiod%3!

31



B HGNs
m Silver nanoparticles

3.0 6620 /11371

Figure 1.7: Left Panelz differential levels of binding between a)gold nanospheres and b)rods
functionalised with HER2 antibody and exposed to MCF7 cells overexpressing HERRight
panel z differential levels of binding between a) HGNs and b) silver nanoparticles functionalised
with HER2 antibody and exposed to MCF7 cells overexpressing HER2, @mgity ratios for the

peaks at le20/l 1371 for the crystal violet reporter.31 Reprinted with permission from Elsevier.

In a recent study antibodyantigen interactions were also studied as means for
differentiating between disease state$?2 The development of the nanostructures
involved the labelling of silver nanoparticles with reporter molecules, and HER2
antibodies were subsequently conjugated via the terminal carboXg acid group on the
reporter.152 The functionalised nanostructures were then exposed to two cell lines
(SKBR3 and MCF7) which demonstrated a diffenéial level of HER2 expresin.52 In
the SKBR3 cell line which exhibits a high level of HER2 expression the SERS signal was
observed by the authors to be 3 times greater than in MCF7 cells, whichave a low
level of expressionis2 Although significantly greater levelsof data would need to be
collected from cells, at a number of different disease stages, this preliminary study
highlights the implementation of SERS nanotags for the categorisation of cancerous
disease states. The principles of the study are not limited toancer and any other
condition which exhibits differential levels in the expression of disease markers could

be analysed and graded in an analogous manner.

In the most recent studyimplementing breast cancer cell lines, the cell phenotype was
determined from specific antibody-antigen interactions occurring between

nanostructures labelled with antibodies and antigen receptors present on cell
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surfaces!’s This was achievable because each of the nanostructsrevas labelled with a
different reporter molecule and thus different SERS signals were measureérigure
1.8).175 The false colour SERS maps were subsequently used as a method to quantify
the level of biomarker expression since the SERS intensity is a direct measuretiué

concentration of biomarker175

a) - . .
‘.i?’lli'- :!“~;"‘1
& i Sl
.-. . it

Figure 1.8: Silica encapsulated hollow gold nanoshells SEHGN}p used to phenotypically

b)

MDA-MB-468

KPL4

SK-BR-3

identify cancerous cell lines anddetermine the level of antigen expression in each cell ling a)
SEHGNsvere applied to the diferent cell lines and each of the cell types were identified based
on the signal from the specific reporter molecules and b) SERS mapping images of the
corresponding cell lineswere measured at 1650 cnmt(RBITC), 1619 crt (MGITC) and 1490 cni
(RulTC) fa the SKBR-3, KPL4 and MDAMVB-468 cell line specific reporter molecules-’s

Modified and reprinted with permission from Elsevier.
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Biomarker or protein expression can also be used to differentiate caamus from non-
cancerous cells76 In prostate cancer cells neuropilinl is overexpressed and, on the
basis of this knowledge, selective SERS nanotags were constructed foredghtiating
between cell lines!’¢ To actively target cancerous cells or more specifically the
receptors, nanotags were functionalised with a peptide with a sgific affinity for
neuropilin.17¢ Control nanotags were functionalised with the HIV transactivator of
transcription (TAT) peptide sequence and these nanotags had the alylito bind to
both cells lines!?s In order to positively identify the cancerous cells, the ratio of the
SERS signal from eachfdhe reporters was calculated.’s The cancerous cells should
have a high contribution from the reporter on the specific targeting nanotags whilst the
non-cancerous cells should have a gh contribution from the reporter on the control
systemi17¢ This was found to be true and this represents a viable method for
differentiating between the two cell linest’é Prostate cancer cells can also be positively
identified from interactions between imaging agnts and surfa@ carbohydrates# For
example, PC3 cancerous cells exhibit elevated levels dli residues on their surfaces
These can be actively targeted with nawstructures functionalised with the lectin,
Triticum vulgaris, which is known to have a speféic affinity for these glycansté Craiget
al. demonstrated this lectinglycan interaction and in doing so successfully

distinguished cancerous PC3 cells frortihe non-cancerous PNT2A cell¢

Further applications involving the detection of cancerouscells have centred on
circulating tumour cells (CTCs). Unlike other applications, which might be concerned
with the primary detection of cancer, CTCs are particularly aggressive and are
associated with the initiation of further cancerous growth.153.177 During an initial study
the CTCs were exposed to antibody functionalised narags and magnetic beads. The
nanotags whilst simultaneously binding to the CTCs acted as the reporter component
and similarly, the magnetic beads whilst capable of binding to the cancer cellgere
also incorporated so that the samples cow be concentratedvia a magnetis3 The
implementation of this method has resulted in succeg$sl detection of CTCs via SERS
and detection was also achievable with high sensitity and specificity when whole
blood was employedts3 In a subsequent study by Wangpt al. a similar method was
employed but the incorporation of magnetic beds was substituted for a physical
separation stept?? Initially, the blood was separated by centrifugation and, because of
their low density, CTCs were removed from the upgr portion of the container with

relative easel’” CTCs were then incubated with nanotags for a specified period and
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after this any unbound nanotags were also removeldy centrifugation prior to the SERS
analysis!7” Both methodswere found to allow for the sensitive and selectie detection
of CTCg53.177

In a final example of SERS based disease detectinwitro, targeting of stem cells was

investigated. Athough this is not strictly a method for the detection of disease, stem
cells have an impetant role in disease research’8 In this study nuclear targeting SERS

nanotags were deployed to ascertain the differences between differentiated and
undifferentiated stem cell populations78 The cells wee analysed by SERS and spectral
information was extracted. Principal component analysis (PCA) was employed and it
revealed that there were distinct differences between the two stem cell forms with

regards to the organisation of the nucleus. These changesre suitably distinct and

allowed for cell identification.178

1.5.4 SERS andEx vivo/In vivo Applications for the Detection of

Disease

1.5.4.1 Tissue Imaging and Disease Detection

The use of SERS for disease related tissue imaging was initially performed by Schlucker
et al. in 2006.17 Their SERS based detection system consisted of gold nanoparticles
conjugated to an antibody via a small molecule reporter and this was used to actively
detect prostate specific atigen (PSA) in tissue sam@si? In a later study the same
group extended this to moritor PSA expression in tissues8 This predominantly occurs

in the epithelium of the prostate andwhen incubated with functionalised nanoshells,
the localised expression was confirmed bySERS signals arising from the specific
nanoshell antibody-tissue antigen interaction This interaction was particularly evident

in the false colour SERS mapd-igure 1.9).158 Determining the localisation of other
components within the tissues is not isolated to biomarkers of disease and the group
successfully determined the localisation of the tumour suppressop63, in non
cancerous tissueig® Elucidation of this was again determined by SERS signals arising

from the specific interaction between he detection system andhe tissue 180
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Figure 1.9 Detection of PSAex vivoz top: bright field microscope image of a prostate tissue

section. The grid shows the locations at which Raman spectra were acquired in a point mapping
experiment. The false colour SERS image shows that the characteristic signal of the SERS
labelled antibody is observed selectively in the epithelium. Reoduced from!58 with permission

from the PCCP Owner Societies.

Whilst detection systems like this might seem trivial, they are actually of huge
importance for the characterisation of disease in tissue. In all of the examples
discussed, the measured signals arise from the SERS reporters. However, a second laser
line could be employed at a frequency where the nanotags are not SERS active but
where intrinsic Raman signals from the tissues dominate. This would allow
biochemically characteristic information to be obtained from the tissues and the false
colour SERS images otd be used to delineate the boundaries between the regions
where, for example, PSA expression is high and low. This would provide further
information which is biochemically representative of the disease biomarkers. Whilst
areas of protein expression can & imaged using traditional immunohistochemical
methods, no biochemical information is obtained. Additionally, conventional
fluorophores have broad absorption and emission bands so the staining of multiple

areas is difficult. However, when employing eitheRaman and/or SERS imaging, the
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spectral bands are narrow and not limited interms of the tissue regions or receptors
which could be targeted simultaneously. This is particularly important as the
documentation of disease processes progresses towards thaetection of multiple

markers.10

Manipulation of the antibody-antigen interaction has also been exploited for the
determination of nasopharyngeal cancer in tissue sample®$! As with most of the
discussed samples, antibody functionalised SERSnmags were exposed to tissuet!
Clinical samples were analysd and drectly compared with the tissuewhich had been
analysed via a traditional immunohistochemical method. SERS analysis was found to
considerably exceed the conventional methoéb! In total, there were 34 cancerous and
20 non-cancerous tissue samples and the SERS detection method correctly identified
33 of the cancerous samples whilst the traditional method only iddified 22.181
Negative samples were correity identified by both methodsi8! As with the previous
examples,the above discussed advantages of the SERS method areadlyy applicable to
this study .18t

SORS has been previously discussed as a method étisease detection in section
1.5.2.1 SORS has also been developed to incorporate a surface enhanced method
known as surface enhanced spatially ofé&st Raman spectroscopy (SESORS).The key
feature and main advantage of this technique is that it can meare Raman or SERS
signals through madically relevant tissue depthsts2 This is of huge importance since it
actively demonstrates noninvasive detection of diseasés? In one of the latest studies
cumulative SERS signals were measured from four differe®ERS nanotags which were
located within tissue at a depth of 20 mni82 Even more significantly, it was possible to
measure SERSignals through 50 mm of tissue82 This study highlights the possibility

of implementing SERS and their nanotags for use vivo.

In a subsequent study the method waalsoinvestigated in specificrelation to a disease
process osteoporosigss This is a progressive bone disease which can be treated with
drugs known as bisphosphonate$8® The disease itself was not investigated but rather
the study was designed to replicate drug distribution ad investigate its localisations3

In order to do this, the drug was conjugated to SERS nanotags and subsequently
incubated with representative bone samples. The bones were then transplanted into a

tissue massand the samples were analyseth? It was possible to detect the drug
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nanotag conjugates at a depth of 20 mm andlthough this study did not involve the
direct detection of the disease it is nonetheless important because it actively
demonstrates the ability to monitor drug distribution non-invasively 183 This therefore

highlights the suitability of SERS as a key process in the treatment of disease.

1.5.4.2 In vivo Imaging and Disease Detection

One of the most recognisable and well documented examplesinfvivo SERS imaging is
undoubtedly the study by Qianret al.1t where tumours were successfully targeted with
an antibody functionalised gold nanoparticle systemin vivolt The nanotag conjugates
were introduced into the mice model via tail injection and they were successfully
translocated to tumour locationst! Successful targeting was demonstrated via
monitoring of the SERS signals and those measured from the tumour regions of the
mouse were found to be representative of the reportefrom the SERS nanotagd-{gure
1.10) 11 This study actively demonstrated that the nanoparticles were able to travel
through the animal model and reach their targets! It was also critical for
demonstrating the success and application of SERS for moniteg such interactionsin
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Figure 1.10: In vivo cancer targeting and surface enhanced Raman detection by using ScFv
antibody conjugated gold nanoparticles that recognise the tumour biomarker EGFRy,l) SERS
spectra obtained from the tumour and the liver locations by using targetedaj and nontargeted
(b) nanoparticles. Two nude mice bearing human headnd-neck squamous cell carcinoma

(Tu686) xenograft tumour (3-mm diameter) received 90 puL of ScFv EGF®njugated SERS tags

IO PAcCUI AGAA 3%23 OACO jtom m-Qq8 4EA PAOOEAI AO
SERS spectra were taken 5 h after injectionc)(Photographs showing a laser beam focusing on

the tumour site or on the anatomical location of liverin vivo SERS spectra were obtained from

the tumour site (red) and the liver site (blue) with 2-s signal integration and at 785 nm
excitation. The spectrawere background subtracted and shifted for better visualisation. The

Raman reporter molecule is malachite green, with distinct spectral signatures as labelled @n

and b. Laser power, 20 mW. Reprinted by permission from Macmillan Publisrs Ltd. Nature
Biotechnology?! (2008).

In vivo imaging of SERS nanotags has also been applied for the observation of
inflammation and again, while not a disease process, it is of relevance since any change
can be indicative of infection andunderlying disease conditionsi84 Nanotags were
functionalised with antibodies which have a specific affinity for the identified
inflammation biomarker, intracellular adhesion molecule 1z (ICAM-1-). The nanotags
specifically targeted inflammationin vitro, ex vivoand in vivo.84 When the effectiveness

of the SIRS approach was directly compared with the conventional fluorescence

method it wasalsofound to be significantly more sensitivels4

Whilst the previous examples have demonstrated activén vivo disease targeting, a
multi marker approach is considered to be beeficial, especially if multiple disease
aspects areto be detected simultaneously? It is hoped that by analysing disease
processes or even multiple different diseases it will lead to better characterisation and

personalised medidne.

With the advent of superior nanotag systems, which display excellent stability and are
possibility.10.12 Zavaleta et al., showed in early &periments that it was possible to
simultaneously detect two different nanotags within a live subject This was latterly
extended to include the simultaneous detection of ten different nanotagsFigure
1.11).10.22 This was a crucial step forward for multiplexed detectionin vivo, actively

demonstrating the potential to detect multiple pathosis or different elenents of disease
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simultaneously 0 In a further extension of the work andin terms of true multiplexing
and the confident identification of nanotags presentvithin a specified location, it was

possible to positively identify four nandags in a multiplexed scenarig®

SERS 420 SERS 466 SERS 481 SERS 421 SERS 403

SERS 440 SERS 482 SERS 663 SERS 661 I

Figure 1.11: Evaluation of multiplexing 10 different SERS nanoparticles vivo. Raman map of
10 different SERS particles injected subcutaneously in a nude mouse. Grayscale bar to the right
depicts the Raman intensity, where white represents the maximum intensity and black
represents no intensity.10 C.L. Zavaleta, B.R. Sijtl. Walton, W. Doering, G. Davis, B. Shojaei,
M.J. Natan, S.S. Gambhir, Proc. Natl. Acad. Sci. USA., 106 (2009),-13516. Copyright (2009)

National Academy of Sciences of the United States of America.

Further in vivoapplications have been demonstited by Maiti et al185-187 |n the first of
their in vivo experiments nanotags were injected into a mouse model and successfully
imaged using SERS5 The only difference being that the antibody functionalised
nanotags were actively bound to cancerous cells prior to their introduction,
highlighting the opportunity to successfully image the nanotagsn vivo even after
participation in a disease recognitbn eventiss In an extension to this work nanotags
functionalised with antibodies, which had a specific affinity for the receptors in the
xenograft, were found to translocate to the xenograft site followig introduction into
the animalisé Thus the conjugates participated in antibodyantigen recognition and
signals representative of the reporter molecule weraneasured at the xenograft sitegs

However, when nanotags were introduced into mice bearing xenografts of the nen
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cancerous cell population SERS signals were not measured in accordance with the

abserce ofa specific binding event.sé

In the most recent of their work, the group elegatly demonstrated the selectiviy of
their targeting nanotags?é’ In this study the xenograft was composed of oral squamous
cell carcinoma (OSCC) cells which exhibit a differential level of expression of EGFR and
HER2. EGFR receptors are present at a much higher lestdian HER2 receptors onthe
surface of thecells187 In accordance with the expressed receptors three nanotags were
injected into the tail of the animal subject, two of which had been functionalised with
the EGFR specific antibody and the remaining nanotag was functaised with the
HER2 antibody18” The signals which were measured from the site of the xenograft
were in accordance with the two nanotags functionalised with the specific antibody and
two different reporter molecules. There was no contribution from the nanotag
functionalised with the HER2 antibaly (Figure 1.12). This study represents one of the
first true, targeted, in vivo multiplexing examples and this is an important step
forwards in terms of striving towards the deliverable of comprehensively

characterising and detectng multiple aspects of diseas&?
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Figure 1.12: In vivo multiplex detection in xenograft tumour z a) Normalised SERS spectra of
CyNAMLAS381, Cy7LA and Cy7.5LA after chemisorption of AUNPs andzo\: SERS spectra from
tumour site (peaks obtained at 503 and 586 cri from two EGFR positive nanotags, Cy7LA and
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Cy7.5LA), B: SERS spectra from liver sitedpks obtained at 503, 523 and 586 cr¥) from two
EGFR nanotag Cy7LA, Cy7.5 and ahtiER2 nanotag CyNAML/A81) and C: SERS spectra from

dorsal region.18” Modified and reprinted with permission from Elsevier.
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Chapter 2 Aims

This thesis aimsto develop analytical examplesvhich demonstrate the power of SERS

and in particular combined Raman andSERSfor cellular imaging and analysis The

main areas of research aimed to:

Develop and implanent suitable nanotag systems for the analysis of single cells and cell
populations in a multiple component manner.Detecting multiple nanotags within a
single cell or cell population has important implications for targeting applications
including the targeting of multiple cell organellesand for intracellular drug delivery. A
multi marker approach is also thought to be critical for the comprehensive

characterisation of disease processes.

Develop the best process in terms of instrumentation and chemicagporting for the
production of 3D images of single cells. As a standalone application 3D Raman imaging
has important implications for understanding architectural and compositional changes
between healthy and diseased samples. Howevefused in parallel with SERS (2D and
3D), for the tracking of multiple nandags, it is thought that the combination will allow

for the simultaneous confimation of cellular uptake and nanotag identification.

Develop a range of drgeting nanotag which when functionalised with biomolecules
can target multiple cell receptors ororganelles Analysis will involve 2D and 3D Raman
imaging to confirm localisation and for organelle targeting uptake of the nanotags

within the correct organelle.
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Chapter 3 Development and
Imaging of  Multiple SERS

Nanotags in Cells

3.1 Introduction

@ is recognised that no single targeting agent can provide the information needed to
AEAOAAOAOEOA 1T 0 AAOA MAs alesitprdsdafciBEENR fiefd OIGA A O A
vitro, exvivo and in vivoimaging, using SERS nanotaghasfocused on the development

of multi-marker approaches with the prognosis for earlier detection, better
characterisation and with the ultimate aim of improving the sensitivity and specificity

by which diseasesare detected.”19 In the specific case of cancerous cellthere are
multiple reports of single target detection methodg?t. 30.31,152,153,173 gnd although the
ability to detect multiple targets has been demonstrated in solutiot$s. 189 this has yet to

be extendedin vitro and in vivo. In addition to disease detection, thepotential also
exists for nanotags/nanoprobesto aid in the treatment of diseasefor example asdrug
transport agents?. 19 Nanoparticles used in chemotherapy treatmentcan deliver a
payload specifically to diseased cellsvith the result of improving efficacy whilst
concomitantly minimising deleterious effects since targetig can be localised to the
diseased regiorn’. 1% [f this approachwere extended to multiple targets within a single
cell, then multi-marker nanotagswould undoubtedly improve the detection, treatment

and management of disease.

Nanotags @ nanoprobes for biomedical research can be synthesised kyvariety of
methods, the most simple of which involve labellingmetallic nanoparticles with
reporter molecules.’. 8 143,149,150 More complicated systems can additionally involve
mixed monolayers of reportef5! and membrane penetratingor targeting antibodies?
152,153 peptides?. 70.71 or oligomers.154 Robust and chemically resistantsystemscan be
created by silicalo 12,191 or polymer encapsulation? 155 Regardless of the synthesis
method, effectiveimplementation requires confirmation of cell uptake as well as an

understanding of their subsequenitntracellular dissemination.”.8
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With the multi-marker, cellular uptake andintracellular distribution criteri on in mind
this chapter will investigate suitable systens for the development of a range omulti-
marker nanotags and theirsubsequentcellular detectahility .

3.2 Multiple Component System z Commercial System
3.2.1 Commercial SERS Nantags

Initial investigations into multi -marker cellular imaging agentswere carried out using
commercially available SERS nanotagdN@noplex Biotagsz CabotCorporation). These
were sdected on the basis that theyhave demonstrated applications as biological
contrast agents® 12 whilst their overall structure is reported to be biocompatible,
physically and chemically durablel® These are important factors which need to be
considered when selecting cellular imaging agentsince they must remain detectable
following cell uptake, be non-toxic to the cell and resistant to the intracellular
environment. These nanotags had the added advantage that they were SERS active in
the nearinfrared (NIR) window thus when considering further applications such asn
vivo studies they were idedly suited to the analysis matrix10 12 Qutside of the NIR

window tissue auto-fluorescence becomesn increasingly dominant problemio

The nanotags consisgtd of a gold nanoparticle core onto which the Raman active
molecules were adsorbed and liis core was coated with silica to make the nanotags
physically and chemically robust(Figure 3.1). The nanotagsobtained were denoted as
SERS 403, 420, 421 and 440hese were differentiated based on the Raman active
molecule adsorbed onto the gold nanoparticle corand for SERS 403, 420, 421 and 440
were 5-(4-pyridyl) -1,3,4o0xadiazole2-O E E | ldipyridylhd8-& h-dipyridyl and trans-
1,2-bis(4-pyridyl) -ethylene respectively(Figure 3.1).
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Figure 3.1: Commercial SERS nanotagsa) nanotag structure and b) Raman active molecules
adsorbed onto the Au nanopatrticle core for the range of SERS n#gs investigated in the

study .10

3.2.2 Characterisation of the Commercial SERS Nanotags

3.2.2.1 Stability Measurements

To determine the stability of the commercial nanotagsin solution, analyses were
performed using extinction spectroscopy and dynamic light scattering (DLS)The
extinction measurements were made in distilled water (dHO) whilst the DLS
measurementswere additionally performed in the serum free cell mediaRosewell Park
Memorial Institute Medium (RPM). The results from the extinction spectroscopy
suggesed thatthe commercial nanotags were stablemonodisperse andSER$403, 420,
1T¢p AT A 1.hI54E 958, 545 and 547him respectively (Figure 3.2). SERS$420
appeared to be less stable than the other three nanotags as exemplified by a red shift
and broadening of the plasmon bad (Figure 3.2). However, this reduced stability was
not considered to be a significanhindrance to further solution or cellular studies since
EO xAOT 80 DPAOOEAOI A GiblJthaRsEQHAI Gds G hroparisidy torEO E O
form larger aggregates Attempts were also made taneasure the extinction spectra in
RPMI cell media to determine ithis induced any aggregation. Unfortunately because of
the presence of phenol red, a colour changing pHdicator usedto monitor cell viability

during culture, extinction measurements were not possibleas the broadabsorbance
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band of phenol red obscured the extinction prdile of the nanotags. To measure the
effects of the cell media thisstudy would need to be repeated irmedia free of phenol
redx EEAE x Apfidn atdhe tirle.
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Figure 3.2: Extinction spectroscopy analgis of the commercial nanotagslispersedin dH,O.The
1 max = 548, 555, 545 and 547hm for SER$403, 420, 421 and 440 respectively.

DLS was used to obtairsize and Zeta potential measurements for each sample and the
principles of the measurements are adollows. When particles within a solution are
illuminated with light, scattering occurs generating an interference patterrio2
Brownian motion is assumed for the particlesand any motion will cause a change in the
interference pattern or more specifically, the intensity changes which appeasto cause
an overall change in the patterri®2 This intensity change is used to calculate the
particle size.Surrounding each of the particles in solution is an electrical double layer
which consists of two distinct pats namely the Stern and diffuse layet?? The division
between these layers influences the movement of the ions associated lwvia particle,
such that ionsclose to the division move with the particle whilst those away from the
division do notl192 The potential measured at the division is known as theZeta
potential. Zeta potential measurements are used as a measure of colloidal stability and
in general values greater than30 mV or + 30 mVare considered to be stable and non

aggregatedto2

The nanotags were reported to haven overall size of ~120 nm 10.12 however, with the

exception of the SER&03 nanotags (153 nm), the DLS size measurements revealed
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that they were slightly smaller ~ 100 nm (99, 96 and 111 nm for SER&0, 421 and
440 respectively) (Figure 3.3). However, these values were in good agreement with
the provided data sheets and any variability from the average reported valu@g- 120

nm) might be due to variation in the silica shell thickness.

Il Distilled Water

1601 [ RPMI cell media

Size (nm)

403 420 421 440

Commercial Nanotags

Figure 3.3: DLSsize measurements for the commercial nanotags when dispersed in gl and
RPMI cell media Measurements were made in triplicate, the average value is shown and the

error bars representthe standard deviation of the triplicate measurements.

When dispersed in the cell media the size of the nanotags was observed to increase and
this was most pronounced for SER840 (Figure 3.3) which exhibited a ~ 50 nm
increase. For the remaining nanotags the increase wasound ~ 20 nm. Typically
when dispersed in cell media a corona which is comprised of the main media
components (e.g. protein and sugar)can enshrine the surface of the nanoscaffold$3 194
Therefore, this size increase was not necessarily representative of aggregation. The
media however was serum free hence corona formation was unlikgelto be extensive
but as the serumwas additionally supplemented with L-glutamine and it is possible
that the free amine groups on the amino acid interacted with the silica shell. Regardless
I £/ xEAOEAO OOOOAS8 ACCOACAOEIT 1T Ik overdlisigeiof A
the nanotags as measured in the cell media was not considered to be detrimental to
cellular uptake. Although smaller particles can demonstrate higher levels of uptakeé
particles ~1000 nm have also been shown to be viable¢ Particles in the same size
range as the nanotags used in the study havarther been shown to be taken up by

both endocyticl®? and passive diffusion mechanisnts thus the size range exhibited was
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unlikely to be prohibitive to cellular uptake. The stabilisation of the gold nanopatrticle

core by the silica shell was apparenii the Zetapotential measurements Figure 3.4).

Zeta Potential (mV)

T T T T T
403 420 421 440

Commercial Nanotags

Figure 3.4: Zeta potential measurements for the commercial nanotags dispersed in distilled
water. Measurements were made in triplicate, the average value is shown and the error bars

represent the standard deviation of the triplicate masurements.

Large negative valueq- 30 mV) indicative of stabilisation were measured for each of
the commercial nanotags and were30.6,-29.7,-31.4 and-34.2 for SERS103, 420, 421
and 440 respectively(Figure 3.4).192 Attempts were also made to measure th&eta
potential in the cell meda to determine if this induced any instability resulting in
aggregation.However, when the Zeta potential of the cell media was measuredt was
found to be ~ -9 mV and successiv&Zeta potential measurements of the nanotags
suspended in the cell media weralso found to be ~-9 to -11 mV. This suggestedhat
the measurements were representative of the cell media rather than thefluence and
interaction betweenthe media and the nanotagsThis was not surprising since the cell
media contained components (amino acids, vitamins and ions)which themselvescan
be prone to electrostaticor charge repulsion or attraction between particles. Several
studies have reportedZetapotential measurements of nanotags in cell mediag 1% but
typically the tags were left to interact with the media before centrifugation and
resuspension in a buffer suitable formeasuring Zeta potential. This assumes that
interactions and any electrostatic bindingwhich take place between the media anthe
nanotags ae maintained following resuspension. This was not considered to be

representative of the environment to which the nanotags were actually exposed and as
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such measurements were not performed in this way. Overall, on the basif the
extinction (Figure 3.2) and Zeta potential (Figure 3.4) measurements performed in
dH20 and the size measurements performedni dHO and cell media fFigure 3.3) the
nanotags were considered to be stable, monodisperse and of a size suitable for cellular

uptake.

3.2.2.2 Spectroscopic Measurements

A unigue SERS signal was observed for each of the commercial nanotdggure 3.5)
and the predominant molecular vibrations arose from thepyridyl and oxadiazole ring
systems (igure 3.1, Figure 3.5 and Table 3.1).
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Figure 3.5: Control SERS spectra for the commercial nanotags SE®RE, 420, 421 and 440
shown in red, blue, green and magenta respectively. Spectra were offset for illustrative purposes

and nomajor peaks were observed below 800 crh or above 1800 cmt hence the speata were
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The main molecula vibrations have been assignedTable 3.1). A number of smaller
peaks were observed in the fingerprint region but these were not considered to be
sufficiently intense for identification purposes. Molecular vibrations were not observed

above 1800 cnit hence the spectra were truncated accordinglyHigure 3.5).

Table 3.1: Peak assignmentdor the predominant molecular vibrations for each commercial

nanotag?200-202
Commercial Nanotag Observed Peak Position (cm 1) Assignment
1618 Zring
1577 ring stretch
1541 ring in plane. deformation,
SERS403 21-H)
1378 11 #(Q
1346 1§ #(Q
1215 inter ring stretch
1014 Zring
1615 %ring
1511 %ring, 1 (CH)
SERS420 1296 Zzingh 11 # ( Qhstréich ¢
1230 1§ #(Q
1075 zngh 1§ #(Q
1024 zingh 1§ #(Qqh OEI]
1578 Zring
1426 1 €B), ring stretch
SER$421 1199 Inter ring stretch
1002 ring breathing
925 1 €8
1641 z2j #E#Q
1612 zj-#QqQh 1§ #(
1339 Vi #(Q8) i #
SER$440 1203 zj OEQE 11 #(
ring in plane deformation
1023 i OET ¢ AOAAOE
rj #E#Q
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3.2.3 Multiple Component C apability

Prior to any cell investigations the suitability of the SERS nanotags as murtiarkers for
disease detection was investigated isolution. With a total of 4 nanotags there wre 11

(6 duplex, 4 triplex and 1fourplex) possible combinations which were premixed and
analysed. Some degree of spectral overlap was expected since the Raman reperter
were similar in structure, predominantly consisting of bipyridyl ring systems (Figure
3.1). However, for all the solutions analysed it was possible to deconvolve the spectra
by eyeand identify the specific combination of nanotags presentor the purposes of
subsequent experiments, the mixed suspensions were referred to as multiple
component samplessince they were not true examples of a multiplex.In a true
multiplex it is expected that all the peaks from the contributing reporters will be found
in the overall combined spectrum. This is true for the solution samples but in some of
the later cell experiments the nanotags wee often found in discreie locations so there
waslT I T OAOAI 1 Oi 01 OCEPI Apd OPAAOOODI 8

Although amultivariate analysis method was used to identifythe specific canbination
of nanotags present in the cell experiments the multiple amponent criteria was
defined suchthat there must be at least one uniqueeak identifiable for each of the
SERS nanotags$n the specific case of théourplex, the highest achievable multmarker
system,unique peaks were found at ~1296 cnt, ~925 cm? and ~1641 cm? for SERS
420, 421 and 440 respectively. Although there was no single peak unique to SERS
it was readily identifiable from the triplet of peaks produced at ~1541, 1577 and.618
cmi(Figure 3.6).
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Figure 3.6: Representative spectra for thefourplex solution sample and control spectra for the

commercial nanotags. Spectralantributions from each of the commercial nanotags are readily
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scan, 10s, 8061800 cm1).

Although a broad spectral range was observable during the measurement of solution
samplesinstrumental constraints relating to the charge coupled device CCD chip and
the grating combination (1200 I/mm) meant that only a very narrow spectral range
~400 cm-l was observable when mapping As a result of thisit was decided to
concentrate on aspectral region where peaks fromall four nanotagswere present and
could readily be differentiated from one another. The region from ~ 154¢ 1650 cm?
was selected andconsidering the highest achievable multiple component sample the
fourplex z it was possible to differentiate between each of the four nanotags as follows.
SER$A03 was readily identifiable from the triplet of peaks produced at ~1541, 1577
and 1618 cmt. SER$420 gave rise to apeak ~1615 cm?® and was differentiated from
SER#$A03, which produced a peak in the same region at ~1&lcmt, by the occurrence
of the triplet of peaks(Table 3.2). SER$440 also produced a peak ~1612 crhand this
was differentiated from SER$420 by the doublet of peaks in the SER&0 spectrum at
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~1612 and 1641 cnrl, this peakwas unigue to SER840. SER$A21 produced a peak ~
1578 cmtand this was differentiated from SERS!03, which also produced a peak in

this region ~1577 cmrl, again by the occurrence of the triplet of peakgTable 3.2).

Table 3.2: Key identification peak(s) for each SERS nanotag suspensionthe spectral region
~1540 7 1650 cmt.

Nanoparticle suspension Key Identification Peak(s) (cm -1)
SER#403 Triplet, ~154 1, 1577 and 168
SER$420 ~1615
SER#A21 ~1578
SER$440 Doublet, ~ 1612 and 1641

3.2.4 In vitro Analysis of the Commercial Nanotags

Following on from the success of the multiple component solution studywhere it was
possible to identify the specific combination of nanotags present within any given
multiple component sample z the nanotags were applied individually to cell
populations (macrophage and dendritic cells derived from Balb/C mice). In these
experiments all 11 of the possible multiple component combinations wereapplied to
the cells Macrophageand dendritic cells were chosen for thisstudy and, as the Greek
name for macrophage cellsO1 AOCA A A § A6 &ifs reqlly @@AlinGirients,
debris and pathogenspresented in the extracellular fluid. The cultured cels were
incubated with the appropriate nanoparticle solution (100 pL, 0.5x concentratiory
diluted from 20x stock concentration) for 90 min. Following incubation, the cells were
washed four times with 1x phosphate buffered saline (PBSpH 7.6) to remove
extracellular nanoparticles before fixation with methanol.After fixation the cells were

washed with PBS, dk&D and air dried before mounting onto microscope slides.

Samples wee interrogated by Raman mappingusing a Renishaw inVia Raman
spectrometer/ Leica DMI 5000 Minverted microscope A 785 nmlaser diodeexcitation
source was used and cell samples were imaged usingLaica 100x LWD (0.75 N.A))
objective. A grating of 1200 lines / mm was used with a RenCa@CD(400 x 576
pixels). Some of the measurements were performed at Renishaw plc, Gloucestershire,
UK using a Renishaw inVi&aman spectrometer / Leica DM2500 M microscope Again

a 785 nm laser diode excitation source was used and cell samples were imaged under
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immersion in a saline solution using an Olympus 50x (0.75 N.A.) water immersion

objective. A grating of 1200 lines / mm was used with a RenCam CCD (1040 x 256

pixels). The superior CCD chip on the system at Renishaw allowed for a larger spectral

range (1000 cm? c.f.400 cm?) to be observed and in thefollowing discussion of the

data the specific system used will be identified Line mapping and high resolution

images were collected x EOE A 3 O0O0AAI , ETAA AT A 300AAI, EI
system and theexperimental conditions are summarised inTable 3.3. The principles of

StreamLine and StreamLineHR mapping are described in section 1.125

Table 3.3: Experimental parameters for cell mapping using the systems availab Strathclyde

University and Renishaw, plc.

Laser excitation Laser line Spectral range Laser power
(nm) line or edge (cm-1) (% and W)

785 z Strathclyde line 1434-1774 100% -0.29

785 z Strathclyde edge 1434-1774 100% -0.45

785 z Renishaw line 607-1720 100% - N.A.
785 z Renishaw edge 607-1720 100% -0.13

Acquisition and analysis of the collected data wagerformed using the Windows-based
2A1T AT %l OEOT 1 i-MRerishay pI& 3.4080ftware package. Within the
software the data can be used to generate false colo®@ERS map images using uni
variate or multivariate analysis methods203.204 Uni-variate methods canbe used to
generatea whole array of different images includingsignal to baseline maps whereby
increases in signal intensity overa defined spectral range are monitored Similarly,
peak intensity mapscan be generated by monitoring the signal intensity at a particular
wavenumber. For this study however, the false colour SERS images were generated
using the multivariate analysis method - component direct classical least squares
(DCLS).This method is typically employed when@eference spectra are available for all
of the components and involves fitting the unknown data (collected during mapjpittga
linear combination of the specified component spectthd reference spectrdor each d

the commercial nanotagp If there is a good spectral fit between the reference and the
collected spectra a false colour is assigned and each reference spectrum is use@t® cre
separate false colouimages®®* In the following images the blue trace represents the

reference spectrum whilst the red trace is an isolated spectrum from the map.
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Associatal with each false colour image is a look up table (LUT) and the minimum and

maximum values ofthe LUT give an indication towards the degree of spectral fit.

3.2.5 Detectability of the Commercial Nanotags in Cells

3.2.5.1 StreamLine Measurements of the Commerc ial Nanotags in Cells

In all instances it was possible to identify the commercial nanotag or combinationf o
nanotags applied toa cell population When individual suspensions of the nanotags
were applied eachappeared to be successfully taken up within a singleell (Figure 3.7

- Figure 3.10) and component DCLS$orrectly identified the individual nanotag present
(Figure 3.7 - Figure 3.10).
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Figure 3.7: False colour SERS map image and representative spectrum for SERS nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image ¢)
LUT colour bar and d) representative SERS spectrum for SER® z the cell spectum is plotted
on the primary y-axis and the reference on the secondary-gxis. (StreamLine- lex = 785 nm,

100% (0.29 W), spectral range 14341774 cm?, step size x,y 1.0 um, 0.5 pr@s acquisition).
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Figure 3.8: False colour SERS map imagend representative spectrumfor SER$420 nanotags
applied to a macrophage cell populationa) white light image, b)false colour SERS map image c)
LUT colour bar and d)representative SERS spectrum faBER$A20 - the cell spectrum is plotted
on the primary y-axis and the reference on the secondary-gxis. (StreamLine- }ex = 785 nm,
100% (0.29 W), spectral range 14341774 cm?, step size x,y 1.0 um, 0.5 pr@s acquisition).
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Figure 3.9: False colour SERS map image and representative spectrum for SER$ nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image c)
LUT colour barand d) representative SERS spectrum for SER31 - the cell spectrum is plotted




on the primary y-axis and the reference on the secondary-gxis. (StreamLine- 1ex = 785 nm,

100% (0.29 W), spectral range 14341774 cm1, step size x,y 1.0 um, 0.5 prs acaquisition).
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Figure 3.10: False colour SERS map image and representative spectrum for SERS nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image ¢)
LUT colour bar and d) representative SERS spectrum for SER8&0 - the cell spectrum is plotted

on the primary y-axis and the reference on the secondary-gxis. (StreamLine- lex = 785 nm,
100% (0.29 W), spectral range 14341774 cm?, step size x,y 1.0 um, 0.fm 2s).

The measurements were performed using the StreamlLine mapping systemat
Strathclyde and due to instrumental constraints StreamLineHR images were not
obtained when the measurements were initially madeThe 785 nm laser line requiresa
pinhole to gererate a laser spot for high resolution mapping and this was not initially
fitted on the instrument. Nonetheless, all of the commercial nanotags were detectable
within a single cell Figure 3.7 - Figure 3.10). The measurable SERS signal of the cell
associated nanotags was reduced when compar&dth the reference spectrum(Figure
3.7- Figure 3.10). This however was not areffect of cell uptake and was a direct result
of the cell applied nanotag suspension being diluted from a 20x stock concentration to
0.5x working concentration. It was expected that this 40x dilution would result in a 40
fold reduction in the measured sigal and this was consistent with the observations
made (Figure 3.7- Figure 3.10). In the different examples the nanotags were not taken
up uniformly across the cells and this may differ depending on cell fithess and their

propensity to incorporate the nanotags.
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Consistentwith the false colour images was a degree of nepecific binding (Figure
3.7- Figure 3.10). Signals were measured from the nanotags ouwith the cell
boundaries butthis was to be expectedto a certain extent since the nanotags were not
functionalised with any directing moiety and were not specifically targeting a cell
component or membrane.The imagesalso do not offer any definitive proof of cellular
uptake and it can be argued that the nanotags were bound to the cell surface. Uptake by
the cell could be confirmed by Transmissin Electron Microscopy (TEM),depth
profiling in the z-direction or 3D imagingto determine the location of tre nanotags
relative to the cell. It is however, reasonable to assume cellular uptake and there are
several instances within the literature where uptake has not been confirmed by a
supplementary method?. 8 205 |n addition, this preliminary study was designed to
determine if the commercial nanotags were suitale as cell bieimaging agents. Their
suitability has been determined andn further studies conclusive proof of uptake using

3D imaging would be investigated.

3.2.5.2 StreamLineHR Water Immersion Measurements of the Commercial
Nanotags in Cells

In the initial stages of the investigation the absence of a pinhole prohibited
StreamLineHR measurements and the inverted microscope systeprevented water
immersion measurements.As a result of this a selection ofamples were analged at
Renishaw using an upright microscope fitted with a pinhole which allowed for both
high resolution and water immersion measuremens to be madeThe us of a water
immersion objective has several advantages namely the minimisation of refraction
which can occur at the sampleair interface206.207 and areduction in the power density
which is important when directly interrogating the cell since it can reduce any sample

degradation.208

Due to time constraints it was only possible to analyse a single duplex sample to which
SER#&403 and SER&21 commercial nanotags had been applied Rigure 3.11).
However, component DCLS was able to resolve the individual nanotags which were
present and it was also possible to observeumulative SERS signalg that is SERS

signals fromall the nanotags found within a specified locationKigure 3.11i-k).
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Figure 3.11: False colour SERS map image and representative spectrum for SERS and 421
nanotags applied to a macrophage cell population. a) white light image, b) compldtdse colour
SERS map imagand false colour SERS map image, representative cell spectrum dddT colour
bar for c)-e)SER$403, f)-h)SER$421 andi)-k) cumulative SERS103/421 respectively. The cell
spectrum is plotted on the primary yaxis and the reference on the secondary -gxis
(StreamLineHR - 1ex = 785 nm, 100% (.13 W), spectral range607-1720 cm?, step size x,\0.2
pm, 0.2s).
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Both SERS103 (Figure 3.11c-e) and SERS121 (Figure 3.11f-h) were detectable
within a single cell and when dentified individually the nanotags were foundin
discrete cellular locations. The exaciocation of the nanotagswithin the cell was
unknown but this could be achieved by interrogating the cells with a laser wavelength
which allows for the visualisation ofthe intrinsic Raman cell signals. Cell signals can be
observed with a 785 nm laser but the employed laser power100% - 0.13 W) and
acquigtion time (0.2 s) were optimised for visualisaton of the nanotags and not the
cell. Although the positioning of the nanotags relative to the cell cgnonents would
have provided valuable information this was outside the scope of the study since the
initi al goal was to determine the suitability of the nanotags as cellular imaging agents.
Surface functionalisation hasalso been observed to influence cellular uptakehowever
the positioning of the nanotags in discrete cellular locations was unlikely to be
influenced by this since the silica shell of the commercial nanotaggather than the
reporter molecule, was presentedto the cell surface. Their occurence in distnct cell
positions was also not influenced by any targeting moiety since the nanotags were

unfunctionalised.

Interestingly, it was also possible to observe cumulative SERS signals from both the
SER$A03 and SER®21 commercial nanotags when they werdound within the same
single location Figure 3.11i-k). When the nanotags were located clos®gether, they
were alsofound in a discrete cellular location from wherethe nanotags were found
individually (Figure 3.11b). In theinstances of celocalisation it was probable that the

nanotags were internalised simultaneously.

Consigent with the examples where the nanotags were applietb the macrophage cells
individually (Figure 3.7- Figure 3.10) the images providel no evidence of cellular
uptake. As stated earlier the priminary goal of the investigation was to determine if
the nanotags were sitable cellular imaging agents. fis has been determined and in

future studies definitive proof of cellularuptake would beobtained.

3.2.5.3 StreamLineHR Measurements of the Commercial Nanotags in Cells
With the addition of a pinhole to the system aStrathclyde it was possible to perform
SreamLineHR measurements and someof the samples initially analysed by the

StreamLine system were reinterrogated. However, the use of an inverted microscope
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still prohibited the use of a water immersionobjective. The samples which were re

analysed included dendritic cells to which all four nanotags had been applied. As with

the previous examples it was possible to observe aridentify the exact combination of
SERS nanotags which had been appliedigure 3.12).

[l SERs-403
[l SERs-420
[ SERs-421

[ SERs-440

Figure 3.12: False colour SERS maps images of all four commercial nanotags applied to a
dendritic cell population. a) StreamLine image of a dendritic cell population and -b)
StreamLineHRimages of thehighlighted cells. (StreamLine -1ex = 785 nm, 100% (.29 W),
spectral range 14341774 cm?, step size x,0.3 um, 0.5 um, §and StreamLineHR- 1 = 785
nm, 100% (.45 W), spectral range 14391774 cm?, step size X,y 0.1 pum, 0.1s).
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In this particular example a cell population was initially analysed using the StreamLine
method to rapidly determine which cells had taken up the SERS nanotags. From the
StreamLine image it can be seen that five celhad internalised thenanotags to varying
degrees(Figure 3.12a). SERS120 and SER&21 were found in all 5 cells and only one
of the cells was found to contain all four nanotag&-igure 3.12a). As with some of the
other examples there was a certain degree of nespecific binding but again the
nanotags were not functionalised with ay targeting moiety and this was to be

expected.

Reanalysing two of the nanotag posive cells with the StreamLineHR method had a
drastic effect on the resolution Figure 3.12a c.f.Figure 3.12b, c). In the StreamLine
image the nanotags wee quite columnar and not particular spherical. This is a direct
result of mappingusing anon-confocal laser line rather than a spot. Implementation of

a confocal method and a laser spot resulted in false colour images where the nanotags
were well resolved and spherical. In adition, in the StreamLine imageonly SER$420
and SERSI21 nanotags were visible within the cell on the right (Figure 3.12c).
However, when the cell was interrogated with the high resolution method it was
apparent that all four nanotags were actually present within this single cell.This
highlights the benefits ofimaging with a confocal systenwhere the laser is focused into

a tight spot and each point on the map is individuallinterrogated with this area.

In the final example a sigle dendritic cell to which all four nanotags had been applied
was analysed using the StreamLineHR method. All four nanotags were successfully
identified using component DCLSKigure 3.13). As withthe previous examples, each
of the nanotags werefound within discrete cellular locations but to a lesser extent than
the duplex sample Figure 3.11 c.f.Figure 3.13). However, there was no consistency to
where the nanotags were found and they did not cluster within specific regions of the
cell (Figure 3.13). Determining the exact cellular positioning was out with the scope of
this preliminary study and & mentioned earlier, a 40-fold reduction in signal intensity
was expected as result of diluting the nanotags ta0.5x working concentration. In this
example however, signals from the nanotags decreased up360-fold when compared
with the reference (Figure 3.13d, jand m). This may suggest that these nanotags were
present at a greater depth within the cell and this might provide evidence of uptake.

However, this would need to be confirmed be a secondary method.
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Figure 3.13: False colour SERS map images of all four nanotags applied to a dendritic cell
population. a) white light image, b) complete false colour SERS map image)cf)-h), i)-k) and
I)-n) false colour SERS map image, representat cell spectrum and LUT colour bar for SERS
403,420,421 and 440 respectivelyThe cell spectrum is plotted on the primary yaxis and the
reference on the secondary jaxis (StreamLineHR- 1= 785 nm, 100% (.45 W), spectral range
1434-1774 cm?, step ske x,y 1.0 um, 0.9s
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It does however highlight the need to use robust SERS nanotags which can still be

detected within cells should uptake result in such a reduction in signal intensity.

3.2.5.4 Conclusions and Commercial Issues

The commercial nanotagsvere found to be suitable multtmarker cell imaging agents
When analysed irdividually and as multiple component samples, both irsuspension
and when applied to cells it was possible to identify the specific combination of
nanotags present. Cumulative SERsignals were also detectable and the benefits of
StreamLineHR imaging were demonstrated. High resolution mappingrovided
superior resolution of the nanotags and revealed further information which was
lacking when the StreamLine method was employed~{gure 3.11). Common to all of
the samples were issues with norspecific binding, a need for definitive proof of
cellular uptake and an indication ofnanotag localisation relative to the major cell
organelles. The next stages of investigation would have considered functionalising the
nanotags with targeting moieties, determining cellular uptake by depth profiling and
3D mapping technigues and imaging in 2D with a secondary laser to measure the
intrinsic Raman cell signals. Thisn combination with chemometric methods would
hopefully result in the resolution of cellorganelles to give an indication of the cellular

localisation of the nanotags.

Unfortunately the nanotags were a commercial product and as epsorship was
provided by another commercial company there wasa conflict of interest in
implementing these nanotags in further studies. & a result their use had to be

suspended.

3.3 Investigations of Suitable Nanotag Systems

Investigations were commenced into alternative nanotag systems for use as multi
marker cellular imaging agents. One of the first systems investigated involved
functionalising a range of silver(Ag) and gold (Au) nanoparticles with small molecule
reporters. Such systems were elected as they had demonstrated applications as
individual cell imaging agents:8 209 put this had not yet beenextended to a multt

marker approach.
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Ag citrate, hydroxylaming borohydride and Au citrate nanoparticles were
functionalised with 4-mercaptobenzoic acid (MBA), 4nercaptopyridine (MPY) and 2
aminothiophenol (ATP) (10 pL, 10 mM stock concentration, 0.1 mM final

concentration) and analysed accordinglyFigure 3.14).
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Figure 3.14: Spectral analysis ofa) Ag citrate, b) hydroxylamine, ¢) borohydride and d) Au
citrate nanopatrticles functionalised with a range of small molecule reporters.Single scarg 1 ex=
633 nm, 100% 6.6 mW), spectral range 1063200 cm'?, 10s).

When the Ag citrate nanoparticles were analysed no measurable signafrom the small
molecule reporters were observable Analysis ofthe hydroxylamine and borohydride
nanoparticles showed that the only conjugates from which a signal was obtaied was
from those functionalised with APT(Figure 3.14). In contrast signals were measured
from all of the small molecule functionalised Au nanoparticleFigure 3.14). The
intense signals measured from the Au conjugates were a direct result of nanoparticle
aggregation and this was so extensive that visible particles formed withitine solutions
within 24 h.

66



—— MBA aggregated NaCl
MBA

i

‘\mw'w\wl‘\“ W ;WM/M I\\’WI \M»‘“\W MMWWW

Raman Intensity (a.u.)

sy apn g P

T
GDD BDO 1000 1200 1400 !800 1800 2000 2200 2400 2600 2800 3000

Raman Shift (cm™)

Figure 3.15: Ag citrate nanoparicles functionalised with MBA the black trace is representative
of nanoparticleswithout aggregation and the red trace is representative of MBA functionalised
nanoparticles which have been aggregated with 2M Na([ingle scanz 1= 633 nm, 100%

(~6.6 mW), spectral range 1003200 cm?, 10s).

Measurable signals were observed from thaemaining Ag dtrate (Figure 3.15),
hydroxylamine and borohydride nanoparticles provided that the solutions were
aggregated with a 2M salt solution (NaCl). The aggregation exhibiteby the Au citrate

conjugates and the uncontrolled aggregation achieved by the addition of salivas

however, considered to be detrimental OET AA OEA EIT EOEAI OET i1
nanoparticle suspension was destroyed and aggregate formation in this mannés

highly irreproducible .38.39 Uncontrolled aggregation of this mannermwould be highly

undesirable for conjugates thatwere to be used in celllar studies since aggregation

could continue to an extent where the nanoparticles/nanaags weae no longer eligible

for cell uptake. However, without some method of aggregation the njugates were not

suitable as multrmarker imaging agents as no measurable signals were obtained.

The Au core was central to the success of tl@@mmercial nandags and similarly the
salt induced formation of aggregates wskey to the success of the conjugates described
above. From thisand the previous investigations with the commercial nanotagst was
clear that some form of inducedbut controlled aggregatian, was necessgy. Based on
this information an already publishedmethod was investigated? This systeminvolved
OAT T 60T 11 AA B8 AgAigaeAnopafides With & ¢osdinking agent before
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polymer coating and labelling with various small molecule reporters. The multiple
component @pabilities of the nanotags hadeen investigated to the extent of a triplex
solution dried on a glassmicroscope slde andin another study some of the nanotags
had been functionalised with cell suface binding antibodies for cellular studies.
However, their use as multi-marker intracellular imaging agents hadnot been

investigated.

3.4 Optimisation of t he Selected Nanotag System

Prior to the commencement of any multiple componet capability studies in solution or

within cell populations it was necessary to optimise the synthesis of the nanotags.

3.4.1 1,6-Hexamethylenediamine (1,6 -HMD) Optimisation

It is well known that the strength of the SERS signal can be enhanced by the
aggregation of nanoparticles® 32 This phenomenon arises becausedhe reporter

molecules can reside in the interstices between two particles and at these intersections

the electromagnetic fiels are considerably augmenteds 32 As discussedpreviously,

61 AT 100711 AA ACCOACAOETT AAT AA AAOOEI AT OAI
was considered to be necessary for the development of robust and optically strong
nanotags, especially foruse inintrAAAT 1 O1 AO OOOAEAOG8 )1 61 OAAO
aggregation the crosdinking agent 1,6hexamethylenediamine (1,6HMD) was

employed? Crosslinking occurs via the terminal amine groups and each terminus

binds to separate nanoparticles bringing them in close proximity with one anothe.

During the initial stages a wide range of 1:4{MD concentrations (0.1z 1 mM final
concentrations) were investigated in order to select the optnum for controlled
aggregation igure 3.16a and b). From the results of the extinction spectroscopy
measurementsit was obserned that when the concentration was increased above 0.4
mM a broad band, indicative of aggregation in particular cluster or aggregate
formation, began to arise between 60Q 800 nm and this was especially pronounced
for 0.8 7 1 mM concentrations(Figure 3.16b). In addition, there was a broadening of
the plasmon bandand this was most pronounced for the higher concentrations of 1:6

HMD (Figure 3.16a andb). There was also significant dampening ahe plasmon band
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{ 4ax = 405 nm) for concentrations above 0.7 mM and this was again indicative of

aggregation figure 3.164a) in particular sedimentation.

a) ——Ag citrate
——0.1mM HMD
——02mMHMD
——0.3mMHMD
——04mMHMD
———05mMHMD
0.6mM HMD
——07mMHMD
- 0.8mM HMD
3 ——0.9mM HMD
= —— 1mM HMD
S
ki
£
g
w
o771 T T T T T T T
300 350 400 450 500 550 600 650 800
Wavelength (nm)
b) 12 —— Ag citrate
114 —— 0.1 mM HMD
—— 0.2 mM HMD
1.0 4 ——0.3mM HMD
] —— 0.4 mM HMD
0.9 - ——— 0.5mM HMD
T A | \ 0.6 mM HMD
0.8 - g —— 0.7 mM HMD
£ i 1 0.8 mM HMD
£ 0.7 o y WL ——0.9mM HMD
S LY —— 1 mM HMD
X 0.6 ‘
3
& 0.5 -
= J
E 0.4
Q
=z
4+ 777777

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Figure 3.16: 1,6-HMD optimisation 7 a range of 1,6HMD concentratiors (0.1-1 mM) were
investigated as controlled aggregating agentsa) non-normalised extinction spectra and b)
normalised extinction spectra.Dampening of themain plasmon bandat ~ 400 nm was obvious
in the non-normalised spectrum whilst any blue or red shift was moreeasily visualised in the
normalised spectrum.Insert a) and b) from left to right; Ag citrate colloid, Ag citrate colloid

aggregated with 0.1 mMz 1 mM 1,6HMD respectively.
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significantly between the samplesH O A @Al Bl A huax 2 406 ninke.OOANDA
( - % mad= 403 nm.For 0.6 z 1 mM concentrations there was an immediate colour
change from yellow to dark green suggesting that aggregation was progressing rapidly.
While the 0.1z 0.5 mM concentrations all retained the yellow colour of the bare citrate

colloid suggesting that aggregation was more controlled and not as rapid.

Based on the extinction data and the visual observationsignificant aggregation
occurred within the 0.5z 1 mM solutions. Such significant and rapid aggregation was
undesirable since larger aggregates ould be unable to penetrate cell walls and
external membranes. Additionally the dramatic colour changes observed gggested
that these solutions would not be stable over longer periods of time. As a result it was
decided to only proceed with 0.1 and 0.2 mM 1;6IMD concentrations. Although 0.3
and 0.4 mM concentrations demonstrated an extinction profile similar to that of the
bare citrate colloid, the solutions changed colour from yellow to dark greenpafter a

couple of hours raising concerns regarding their long term stability.

To determine how the aggregation process progressed with time the nanoparticles
were crosslinked with 0.1 and 0.2 mM 1,6HMD ard monitored over 12 h (Figure
3.17).
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Figure 3.17: 1,66HMD optimisation study z Ag citrate nanoparticles were controllably

aggregated witha)-b)0.1 andc)-d)0.2 mM 1,6HMD and monitored over a 12h period. The data
was both nonnormalised and normalised. Dampening of the plasmon band was obvious in the
non-normalised spectrum whilst any blue or red shift was more easily visualised in the

normalised spectrum.

When aggregated with0.1 mM HMD over a 12 h time period the plasmon band was

observed to dampen as the time progressed-{gure 3.174 8  4dkVvAlues for the 0.1

i- OAIDPIAO xAOA 110 1 AOALDNG 41D)ibut Oely sight OE CT E A
red shift and broadening of the plasmon band wasbserved which be&eame more

evident with increasing time increments (igure 3.17). This would suggest that

aggregation continued to progress with time and since there was nothing t&low this

reaction this was to be expected. However, unlike the samples wherkarger
concentrations of 1,6-HMD were employed Figure 3.16) aggregation did not appear to

be particularly rapid or extensive.

Unlike the 0.1 mM 1,6HMD sample the 0.2 mM sampldid not give any indication that

aggregation was progressing with time [Figure 3.17). When the data was normalised

71



all of the samples retained approximately the samerofile as that of the bare citrate
AT111TEA R AOM GRER xAOA T1T 0 1T ACGAORLMIBODIN an®E E £Oh
any signs ofpeak broadeningwere very slight (Figure 3.17). This was surprising since

it was expected that aggregation would increase with increasing concentration of the
aggregating agent especially since aggregation was continuingt the lower

concentration of 1,6HMD.

It was decided that eiber a 0.1 or 0.2 mM concentration of 1;/6{MD could be used to
controllably aggregate the nanoparticles. Based on the extinction datd&igure 3.16

and Figure 3.17) it was determined that it might be more prudent to opt for the 0.2

mM concentration since the solutions appeared to demonstrate a greater stability over

time. In addition, at this concentration samples should achieve maximum levels of
ACCOACAOEIT xEOETI 6O AT U 11060 T £ OOAAEI EOU
should, in theory, lead to greater signal enhancement.

3.4.2 Polyvinylpyrrolidone (PVP) Optimisation

Polymer encapsulation has traditionally been used as a method for protection and
stabilisation in nanotag systems?® preventing reporter molecules from desorbing
whilst simultaneously preventing any adulterants or interfering agents from adsorbing
onto the nanotag surfaceé? Encapsulation agents can include bk and organicit
polymers and inorganic materials such as silic#.3° Silica isoften favouredas it confers
physical durability whilst simultaneously protecting the nanotagsfrom the chemical
environment and asa result silica coated nanotags tend to have an extended shelf life.
39 In this system polymer encapsulation was dually functional in that idampenedthe
induced aggregation whilst simultaneously offering a degree of protection to the

nanotags?

As with the optimisation of 1,6HMD, various concentrations of PVPwere initially
investigated. Ag citrate nanopartites were aggregated with 0.1 and 0.2 mM 1;dMD
and after a recommended aggregation period of 3 mj although samples can
demonstrate stability over longer periods of time(Figure 3.17), PVP was added to

dampenthe reaction and stabilisethe nanoparticle aggregates.
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In the case ofthe 0.1 mM 1,6HMD samples, PVP concentrations ranging fromz022.7
MM were investigated Figure 3.18).

0.7

a) i —— Ag citrate
—— 0L (0 uv)

—— 10 pL (4.9 pM)
——— 20 pL (9.6 pM)

—— 30 pL (14.15 pM)
40 pL (18.5 p)
50 L (22.7 )

Extinction (a.u.)

0.0

T T T T N T T T T T T T N T T T T
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

b) 1 — Ag citrate
—— 0 pL (0 UMYy
—— 10 pL (4.9 pM)
—— 20 UL (9.6 uM)
—— 30 UL (14.15 M}y
40 pL (18.5 uM)
2

Normallsed Extinctlon {a.u.)

00 8 400 480 800 50 G0 6 700 750 800
Wavelength (am)

Figure 3.18: PVP optimisationz Ag citrate was crosslinked with 0.1 mM 1,6HMD before PVP

was applied todampenthe aggregation reaction. Various volumes (@ 50 pL) were investigated

and the concentrations shown in brackts refer to the final concentration (PVP stock- 10

mg/mL, 250 uM) added to samplesThe data was ajion-normalised andb)normalised.

In the non-normalised data set the plasmon band was observed to decrease for the

highest concentrations of PVP Rigure 3.18). This was surprising as it was expected
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that the higher concentrations of PVP would be the most successful dampening the
aggregation. However, when the data was normalised A A O E & #Z/DE-141D nj)]
and broadening of the plasmon band was apparent for all of the concentrations when
compared directly to the bare citrate colloid Figure 3.18). This broadening was least
prominent for the highest concentration of PVPWhen only considering the samples to
which PVP had been appliedhis red shift and broadening was very slightand there
was no obvious correlation between increasing PVP concentration and stabilitiFigure
3.18). This small difference between the samplesuggess that aggregdion at a 0.1 mM
1,6-HMD concentration was not particularly extensive or rapid and even small

concentrations of PVP were sufficient talampenthe aggregation.

When the same concentration series, @ 22.7 UM, was repeated with samples that had
been aggregted with 0.2 mM 1,6HMD they were observed to visibly aggregate over
time suggesting that the PVP concentrations were not sufficient tadampen the
aggregation reaction. As a result higher concémations 30.7 z 41.7 uM, of PVP were
applied (Figure 3.19).
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Figure 3.19: PVP optimisation 7 Ag citrate colloid was crosslinked with 0.2 mM 1,6HMD

before PVP was applied tadlampen the aggregation reaction. Various volumes (7@ 100 pL)

were investigated and the concentrations shown in brackets refer to théinal concentration

(PVP stock 10 mg/mL, 250 uM) added to samples. The data was bo#) non-normalised andb)

normalised.

When the na-normalised extinction data wereanalysed a dampening in the plasmon

band was observed and thisvas most pronounced for the 34.5 uMPVP sampleand

least pronounced for the lowest concentration of PVPHgure 3.19). Analysis of the
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normalised extinction data revealed a very slight broadening of the plasmon band but
the 1 max0f 408 nm was not observed to shift when compared with the colloid standard

{ hax= 408 nm). When comparingthe samples to which the PVP had been applietthe
broadening of the plasmon band was greatest for the sample to which the lowest
concentration of PVP (30.7 uM)was applied and leastfor the sample to which the
highest concentraton (41.7 pM) was applied. In factthe broadening of the plasmon
band decreased with increasing PVP concentration suggesting that there was a

correlation between the PVP concentration and sample stability.

Although the initial stability demonstrated by the 0.2 mM 1,6HMD, 41.7 uM PVP
sample was promising it was necessary to determine the longer term stability

therefore the sample was monitored over a 12 h periodHigure 3.20).
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Figure 3.20: PVP optimisation Ag citrate colloid controllably aggregated with 1,6HMD and
polymer wrapped with 41.7 uM PVP. The&lampening of the aggregation process was monitored

over a 12 h period. The data was both) non-normalised andb)normalised.

In the nortnormalised extinction data the intensity of the plasmon band of all the
samples to which PVP was added increased above tladithe 0 h sample Figure 3.20).

In the normalised extinction data the plasmon bandof the samples were not found to
change, there was no band broadening or red shiftipnor any general indication that the

PVP had nodampenedor at least dramatically slowed the induced aggregationHigure
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3.20). Based on these results it was decidedo proceed with a final 1,6HMD
concentration of 0.2 mM and a final PVP concentration o#1.7 uM. Although 0.1 mM
1,6-HMD can probably achieve sufficient levels of aggregatipthe 0.2 mM samples, for
unknown reasons, appeared to be more stable, both iélly and over longer periods of
time (Figure 3.18 c.f.Figure 3.19, Figure 3.20). By selecting the higher of the two 1,6
HMD concentrations it was hoped that controlled aggregation could be achieved
resulting in significant signal enhaacement, and by polymer wrapping with 41.7 uM

PVR all of this could be accomplished without any observable loss of sample stability.

The nanotag samples were also analysed by scanning electron microscopy (SEM) to
determine the full extent of aggregationinduced by the addition of 1,6HMD and to
further determine if the subsequent PVP quenching reaction had indeed been

successful.

Nanotags — 1 week

Nanotags — 2 weeks Nanotags — 3 weeks

Figure 3.21: SEM images of the nanotags a) Ag citrate nanoparticles, be) Ag citrate
nanoparticles aggregated with 0.2 mM 14IMD and polymer wrapped with 41.7 uM PVP

analysed after 2h, 1 week, 2 weeks and 3 weeks respectiveBcale 500 nm.

The SEM imageshowthAO OEA AEOOAOA AITTI1TEA xAOT 80 b,
consisted of a mixture of single nanoparticles, larger aggregates and some ro&g(re

3.21a). The 1 and2 week old and the 2h nanotagamples were relatively similar, again

78



consisting of single nanoparticles, sme rods but mainly dimers, trimers and small
clusters (Figure 3.21b-d). This was to be expected since the samples were subject to
OAT 100111 AA8 ACCOACAOEITT AT A OEA Ol OEi AOGA
these scaffolds can provide large enhancements ingsial, whilst still being capable of

cell penetration. However the 3 week old nanotag sampleonsisted of considerably

larger clusters (~ 200 nm) suggesting that the PVP was not entirely capable stopping

the aggregaton reaction and itonly slowed the aggregationover time. Although such
extensive aggregation is clearly undesirable in terms of cell penetrationt was not
particularly rapid . Therefore providedthe samples were renewed every 2 weekshe
benefits of controlled aggregation could be reaped without any detrimental efée on

their ability to be taken up by cells.

3.4.3 Small molecule selection

The range of molecules available for use as reporte#s-215 in SERS studies is vast. For
example, fluorescent labels can be purchased commercially (e.g. ROX, HEX, FAM, TET,
Cy3 and TAMRA316 217 or dyes can be synthesised with specific chemical moieties
known to give strong SERS signat$2-215218,219 \Wijthin the research group at the Centre
for Molecular Nanometrology numerous dyes have been synthesised for reporter use,
most notably benzotriazole azo dyes12215 and more recently squarainé!® and
cyanine2l® type reporters. However, commercial dyes can be expensive and dye
synthesis time consuming and complicatedl'herefore, a range of small molecules were
selected as reporters for this particular study. The molecules were selected on the basis
that no synthesis was required they were inexpensive, readily available, gave strong
SERS signals, nanoparticle conjugation was extrety straightforward and if required
their chemical structures were ach that subsequent functionaligtion with

biomolecules would be relatively simple to achieve.

4-mercaptobenzoic acid (MBA), 4 AOAADBOT BUOE A E I-dithiobis(2-0 9 q h
nitrobenzoic acid) (DTNB), 4 nitrobenzenethiol (NBT), 5(4-pyridyl) -1,3,4-0xadiazole

2-thiol (SER$403) and 2-napthalenthiol (2-NPT) wereselected. The molecules were all
similar in structure consisting of benzene, pyridine and/or oxadiazole ring systems, a
terminal thiol or di-sulfide linkage and carboxylic acid and/or nitro group side chains
(Figure 3.22).
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4-mercaptopyridine (MPY) 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB)
4-mercaptobenzoic acid (MBA)
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SH

2-naphthalenethiol (2-NPT) 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol (SERS-403)
HS

4-nitrobenzenethiol (NBT)

Figure 3.22: Small molecule reporters used in the study a) 4-mercaptobenzoic acid (MBA), b)
41 AOAAPOT PUOEAET A -dithiebs@ @itrobenzbi€] acid)h BTNB), d) 4-
nitrobenzenethiol (NBT), e) 2naphthalenethiol (2-NPT) and f) 5(4-pyridyl) -1,3,4-0xadiazole 2-
thiol (SER$403).

A unigue SERS signal was observed for each of the small ewoles when adsorbed on
the Ag ranotag scaffold. As the moleculegere non-resonant with the exciting laser
line (633 nm) there was no resonance contribution and the signal enhapment
resulted solely from their adsorption onto the nanotag surface. The predominant
molecular vibrations arose from the aromatic or hetero rings and the carboxyliacid or
nitro group side chains. The spectra for each of the small molecule labelled naaqgd
was measuredin water and also when the nanotags weree-suspended in cell media
(Figure 3.23 and Figure 3.24). As shall be discussed latefsee section 3.4.4)some
modification to the nanotag synthesistook place in order to improve the stability,
whereby the nanotag scaffolds were additionallylabelled with a thiol-terminated
polyethylene glycol(PEG) Following the addition of PEG tdhe surface of the nanotags
the same predominant molecular vibrations were apparentln the case of MPY labelled
nanotags a doublet of peaks was observable ~ 10Gind 1017 cm!. However when the

nanotags were additionally labelled with PEG a single peak was observed at ~1002-cm

18 4EEO xAOT 860 Ai1TOEAAOAA O AA Al wheEEAAO
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sometimes observable when there is no PEG present on thaurface and this was
thought to be a batch specific effectThe SERS spectra for eaclf the small
molecule/PEG &belled nanotags wasalso measuredin water and also when re-
suspended in cell mediaFigure 3.25 and Figure 3.26). The predominant molecular
vibrations have been assigned Table 3.4) and for completeness the spectra \ere
measured for all the nanotags at 532 nm and 785 nm (sependix I-Appendix 1V) as

were control spectra for each of the small molecule reportersAppendix V).
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Figure 3.23: Representative SERS spectra for each of the small moleculgbelled nanotags

Spectra were offset for illustrative purposes and as no major peaks used for identification were
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observed below 800 cnt or above 1800 crt OEA ODPAAOOA xAOA OQOEAAOAA Al

nm edge,10% (0.66 mW), 10s, extended scan, 86A800 cn?).
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Figure 3.24: Representative SERS spectra for each of the small molecule labelled nanotags
when resuspended in cell media. Spectra were offset for illustrative purposes and as no major
peaks used for identificdion were observed below 800 cnt or above 1800 cnt the spectra
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Figure 3.26: Representative SERS spectra for each of the small molecule/PEG nanotags when
resuspended in cell media. Spectra were offset for illustrative purposes and as no major peaks

used for identification were observed below 800 cni or above 1800 cmt the spectra were
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Table 3.4: Peak assignments for the predominant molecular vibrations for each of the small
molecule labelled and small molecule/PEG labelled nanotags analysed as pure suspensions and

when resuspended in cell medids®.200-202,220-225

Small molecule labelled

Observed Peak Position (cm -1) Assignment
nanotag
~ 1001 -1004 ring breathing
~ 1063 71064 j #
MPY Z ri#0Q
~1092 - 1094 ring breathing/C-S
~ 1579 - 1584 2 j-@)
~844 - 849 in plane symmetric) NQ-
~ 1060 - 1065 ri #0Q
~1097 - 1099 ring breathing
DTNB .
~ 1149 71151 1 j-H)h C) #
~ 1334 71339 2NO
~ 1555 - 1557 2 i-@)
~ 852 -853 in plane symmetricy NOy-
in plane) &H) mode,
~ 1077 721080 P ! 50))
NBT ) !
~1106 71109 in plane) €H) mode
~ 133371338 2sNO
~ 1569 - 1572 2 i-@)
~ 841 GH twist
~ 1063 1 &H)
~1378 2ring
~ 1425 71427 Zring
2-NPT
~ 1449 2ring
~1565 2ring
~1581 2ring
~1620 2ring
~1010-1011 %ring
~ 1073 71079 % j-@
MBA Z i-@)
~1182-1184 -
~ 1583 71584 2 §-@)
~ 996 -997 ring breathing
~1018 -1024 %ring
ring in plane deformation
SER$403 ~ 153971540 )
% }-M)
~ 1573 -1578 2ring
~ 1608 - 1611 2ring
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Common to all of the small molecule reporters was a terminal thiol or a disulfide
linkage in the case of DTNBRigure 3.22). Conjugation to the nanotags was therefore
straightforward and resulted in the adsorption of the thiols onto the surface of the
nanotags.There is some debate as to whetheDTNB adsorbs viahe disulfide bond or
breaks apart and adsorbs by a single thiol. Regardless of the mechanism of attachment
it was still possible to differentiate between each of the individually labelled nanotags
(Figure 3.23 - Figure 3.26).

3.4.4 Optimised Nanotag system

The final step in the development of the complete nanotag system was thddition of
the reporter molecules. Some degree of optimisation was necessary as addition of too
low a concentration ofreporter resulted in little or no signal and similarly addition of
too much can result in further aggregation® This is likely to be due tothe thiol
functionalised small molecles having a greater affinity for the nanotag surface
resulting in displacement of the stabilising polyme# In addition, some of the spectra
obtained from the SERS labels were signifantly more intense than others Therefore,
the concentrations of the reporter molecules were required to be optimised to prevent
the spectral siqal of the less intense reporter molecules becoming obscured at the

chosen excitation wavelength.

The final optimised nanoprobe system (Figure 3.27) consisted of Ag citrate
nanoparticles ©ontrollablydaggregated with 0.2 mM (final concentration) 1,6-HMD,
polymer coated with 41.7 uM (final concentration) PVP and labelled with eitherlO uM
(final concentration) of MBA, NBT, SER&03 or 2-NPT or50 pM (final concentration)
of MPY or DTNB.
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then polymer wrapped with PVP before labelling with the smalinolecule reporters?

As mentioned in section 3.4.3there were some issue regarding the stability of the
nanotags. This was obvious following the nanotagurification process (nanotags were
centrifuged, the supernatant was removed and the pellet was resuspendedson a few
occasions the nanotags were visibly aggregated. As rasult of this a further
stabilisation step was incorporated via the addition of a thiokterminated PEG
molecule?® 11 The other end was carboxylic acid terminatedand this was considered to
be ideal for future biomolecule conjugatons. For this system the nanotag scaffolds
were prepared as previous which involved controlled aggregation witt0.2 mM (final
concentration) 1,6cHMD, polymer coating with 41.7 pM (final concentration) PVP
followed by the addition of 2 nM (final concentration) carboxymethyl-polyethylene
glycol-thiol (COOHPEGSHZz ~ 5000MW). This solution was allowed to agitate for 30
min before the small molecule reporter was added @00 uM (final concentration) and
again this solution was allowed to agitate for 30 min befre a final addition of20 pM
(final concentration) COOHPEGSH. The PEG nhecule was added sequentially in
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increasing concentrationssince adding the molecule at an initially high concentration
completely blocked the surface and prevented the small moleifrom adsorbing. With
this system the concentration of the small molecules were not optimised to compensate

for those reporters which were more efficient However the gain in stability offset this.
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Figure 3.28: Optimised nanotag systemadditionally stabilised with COOHPEGSH - samples
were controllably aggregated with 1,6HMD, then polymer wrapped with PVP before
stabilisation with PEG, labelling with a small molecule reporter rd a final PEG stabilisation

step.

3.4.5 Stability of the Optimised Nanotag Systems

To determine the stability of the two nandag systems analyses were performed using
extinction spectroscopy and DLSThe extinction measurements werecarried out in

distilled water (dH20) whilst the DLS measurements were additionally performed in

OEA AAIT 1 1T AAEA $01 ARAAAT 80 -Thehres@ts Ardm theAC1 A
extinction spectroscopyreveal varying degrees of stability between and within the two
nanotags sets(Figure 3.29). For the small molecule labelled nanotags there was a
dampening of the plasmon bandor the nanotags labelled with DTNB, NPT and MBA

when compared with the bare Ag colloid standard Kigure 3.29). Aggregation
associated with the dampening of the gismon band was expected since the small

molecule reporters displace the stabilising PVP polymer layer wheadsorbing on to
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the surface? If the displacement of the PVP wasextensive it waspossible that further
aggregationcould have occured. When compared with the nanotag standarthowever
from a combination of both the method of nanotag synthesis anthe subsequent

labelling of the nanotags withthe small moleculereporter s (Figure 3.29a).
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Figure 3.29: Extinction spectroscopy analysis of thesmall molecule labelled nanotags and the
small molecule/PEG labelled nanotags a)) non-normalised and normalised data for the small
molecule labelled nanotags and edl) non-normalised and normalised data for the small

molecule/PEG labelled nanotags.

Analysis of the normalised data set revea&d a broadening of the plasmon band and
red shift for each of the small molecule labellednanotags Figure 3.29b). A broad
band also began toappear between 600-800 nm and this was particularly pronounced
for the MPY and 2NPT nanotagsThis was consistent with the aggregation indicated by
the dampening of the plasmon band for the -ANPT nanotags buio other visible signs
of aggregation were observed fothe MPYnanotags. Red shifting was also expected &

certain extent and whilst it can be indicative of aggregationt is also associated with
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further functionalisation of the structures, such as labelling with a reporter moleule,

dueto a change in the overall size of the nanostructure

In contrast, the non-normalised extinction data for the PEGfunctionalised nanotags
would suggest that theywere more stable than the small moleculeonly labelled
nanotags Figure 3.29a and c). The plasmon band when compared directly witlthe Ag
citrate control decreasedfor the MPY labelled nanotags but this was again to a level
which was comparable withthe nanotag standard suggesting that any aggregation was
the result of the synthesis method. In the normalised data set broadening of the
plasmon band and red shifting was observed for all of the nanotagEigure 3.29). Red
shifting was again consistent with functionalisation of the nanotag surface with both
the small molecule reporter and PEGThe observed red shifts were gregest for the
dually functionalised nanotags and this was consistent with labelling the nanotag

surface with a large molecule such as PEG&ble 3.5).

Table 3.5: Extinction spectroscopy measurements for the small molecule labelled nanotags and

the small molecule/PEG labelled nanotags

Nanotag sample ¥ max Extinction (a.u.)
Ag colloid 400 0.633
Nanotag 400 0.482
MPY nanotags 407 0.806
MPY/PEG nanotags 408 0.485
DTNB nanotags 408 0.444
DTNB/PEG nanotags 412 0.638
NBT nanotags 415 0.768
NBT/PEG nanotags 415 0.682
2-NPT nanotags 410 0.371
2-NPT/PEG nanotags 414 0.595
MBA nanotags 414 0.280
MBA/PEG nanotags 420 0.602
SER#03 nanotags 407 0.774
SER$403/PEG nanotags 409 0.723

The broadening of the main plasmon bandand the apperance of a broadband

between 600- 800 nm was most apparent for the MPY/PEG labelled nanotags and was
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consistent with the aggregation indicated by the dampening of the plasmon band.
Attempts were also made to measure the extinction spectra in DMEM cell media to
determine if this induced any aggregation. Unfortunatehas discussedin section 3.2.2.1
itwasnd O D1 Oreshire the eltinction profiles due to the presence of phenol red
in this mediaand this study would need to be repeateavith phenol red freecell media.

In general the PEGfunctionalised nanotags were larger in size than the nanotags which
were solely functionalised with the small molecule reportes (Figure 3.30). NBT/PEG
and MBA/PEG dinctionalised nanotag were exceptions to this rule andhe reasons for
this were unclear. It is possible that aggregation following addition of the small
molecule reporter led to an increase in size for the small molecule only functionalised
nanotags. Iltwas however, expected that the PEG functionalised nanotags would be
larger in size due to the presence of the large PEG (~ 5000 MW) molecule on the

surface.

250
M Distilled Water
M DMEM cell media

200 -

150 +

Size (nm)

100 -

50

Ag Nanotags MPY MPYPEG DINB DTNB NBT NBTPEG 2-NPT  2-NPT MBA MBA PEGSERS-403 SERS-403
colloid PEG PEG PEG

Figure 3.30: DLS size measurements for the smatholecule labelled nanotags and the small
molecule/PEG labelled nanotags when dispersed in distilled water and the cell media DMEM.
Measurements were made in triplicate, the average value is shown and the error bars represent

the standard deviation of thetriplicate measurements.
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Common to all of the nanotags was an increase in size when dispersed in the cell media
(Figure 3.30). This was most prolific fo both MPY andSER$403 nanotagsystems. In
the case of the MPY nanotagm increase in size of ~ 55 nm and ~ 86 nm was observed
for the two nanotags systems respectivelyThe SER$403 nanotags exhibited an
increase in size of ~ 200nm and ~ 82 nm for the two nanotag sgtems respectively
(Figure 3.30). For the remaining nanotags the increas@ size rangedfrom ~ 9 - 43 nm
(Figure 3.30). As discussed earliera coronacomprising of media components can
enshrine the nanotag®3 19 so the size increase was not necessarilgpresentative of
aggregation. Unlikethe previous example (see section 3.2.2.1the media used in this
study was additionaly supplemented with foetal bovine serum (FBS) whichtends to
form the majority of the protein corona226 The formation of this corona is important
because not only does it alter the size of the nanotadpit it can additionally alter the
method of cellular uptake since it is the corona itself which is presented to the cell for
interaction.s3198.226 2 ACAOAT AOO 1 £ xEAOEAO OO0OOAS6 ACCOAC
taking place the overall size of the nanotags in the cell media wagainnot considered

to be detrimental to cellular uptake. Particles in the same size range as the nanotags
used in the study have been shown to be taken up by both endocyfitand passive
diffusion mechanismg3 thus the size range exhibited was unlikely to be prohibitive to
cellular uptake. With the exception of the SER$A03 labelled nanotags all of the
nanotags were considerably smaller than their commercial counterpartsHigure 3.3

c.f.Figure 3.30) which proved to be excellent multimarker cell imaging agents.

The Zeta potential data of all the nanotags were considered to be relatively stable
(Figure 3.31) as a resultof their large negative Zeta values. The Ag citrate standard
demonstrated the greatestegative chargebut this wasto be expectedsince some level

of change in the surface chamywould undoubtedly be introduced by controllably
aggregating the nanotags. With the exception of the MPY labelled nanotags all of the
dually functionalised nanotags exhibited largerZeta values and this was consistent
with the stabilisation provided by the addition of PEG to their surfaceRigure 3.31).9.11
Attempts were made to measure th&Zetapotential of the nanotags when dispersed in
the cell media but because othe electrostatic nature of the compands within the
media itself this was not possible Other groups have measured th&eta potential of

nanoparticles/nanotags following exposure to cell media but as this was not
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considered to be representative of the actual incubation process between timanotags

and themedia this was not attempted.
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Figure 3.31: Zeta potential measurements for the small molecule labelled nanotags and the
small molecule/PEG labelled nanotags. All of the nanotags were dispersed in »@H
Measurements were made in triplicate, lte average value is shown and the error bars represent

the standard deviation of the triplicate measurements.

Overall, on the basis of the extinctionKigure 3.29) and Zeta potential (Figure 3.4)
measurements performed in dHO and the size measurements performed in & and
cell media (Figure 3.30) the two nanotag systems were considered to be relatively
stable andof asuitable size for cellular uptake. There was some concern regarding the
small molecule labelled nanotags, in particular those labelled with DTNB;RPT and
SER$A03 but analysis d the size andZetadata did not suggest that the nanotags were
particularly large or unstable. The extinction spectra for SER&03 did not suggestany
signs of aggregation but they xhibited the lowest Zeta potential and increased in size
dramatically when dispersed in cell media Figure 3.29 - Figure 3.31). However, the
size of the nanotags was not considered to be a concern for cell uptake since larger
systems have successfully transversed the membrane by both endocyiicand passive

diffusion mechanisms3? The size of the particles may influence uptake rateas will the
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formation of any protein corona on the nanotag surfageand this should be considered

during mapping analysis.

3.5 Development of a Multiple Component System

With a suitable alternative nanotag system in placéhe next step of the investigation
involved developing a suitable multiple component system. For the cell investigations it
was unclear whether the nanotags would cluster together or be found in discrete cell
locations. In the advent tlat they were found together and the possibility of multiple
component signals arising it was necessary to determine which of the individually
labelled nanotags could be combined but stilbe individually identified within a

multiple component suspension.

Although there were a total of 6 nanotag labels the initial investafions were only
carried out with 4 of thoselabels (MBA, MPY, DTNB and NBT) since it was believed that
a multiple component could be generated with these four labeldn order to test the
multiple component capability of the nanotags all 11 possible combations (6 duplex,

4 triplex and 1 fourplex) were premixed and analysed. Some degree of spectral overlap
was expected since the small molecules were atkasonably similar in structure;
consisting of an aromatic or hetero ring system, terimal thiol or disulfide linkage and
carboxylic acd and/or nitro group side chains (Figure 3.22). As will be seen in later
data sets component DCLS was used to identify ehmf the nanotags and deconvolve
the spectra. However, in order to increase the confidence in the final multiple
component suspension the multiple component criteria defined that there must be at

least one peak unique to each reporter.

From the 6 possible duplex combinations all were found to be suitable for multiple

component analysis(MBA+MPY, MBA+DTNB, MBA+NBT,PM+DTNB, MPY+NBT and

DTNB+NBTz data not shown). Despite the success of the duplex combinations higher
multiple component combinations were desired and therefore the investigation

focused on achieving triplex and higher multipt component samples

From the 4 possible triplex combinations 3 were found to be suitable fomultiple
component analysis MBA+MPY+DTNB, MBA+MPY+NBT and MPY+DTNB+NBT. For the
MBA+MPY+DTNB triplex solution unique peaks were found at1334 cmtz } .»)223~
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1180 cm1 ) j-@15° and ~1000 cm (ring breathing)220.227 for DTNB, MBA and MPY
respectively (Figure 3.32). However, the MBA identification peak at ~1180 cmlwas
relatively low in intensity ~ 1000 a.u. Figure 3.32) compared to other peaks in the
spectrum and therefore this peak may not be identifiable when thenultiple component

suspension wasapplied to cells.
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Figure 3.32: MBA+MPY+DTNB triplex sample the triplex solution (black line) was plotted on
the primary y-axis and the solution standards MBA (yellow line), MPY (blue line) and DTNB
(green line) were plotted on the secondary yaxis. The unique peaks were labelled with the

appropriate small molecule abbreviation.No major peaks were observed below 250 crhor

above 1800 cE AT AA OEA OPAAOOOI xAQ=06330mh Ad§edB0%IAAAT OAET
mW), 10s, extended scan,-3200 crml).

From the previous study with the commercial nanotagsit was observed that in some
instances(Figure 3.13) a 100-300 fold decrease in signaintensity occurred following
cell uptake.If this occurred it may not be possble to detect the MBAcomponent and &
a resut it was decided not to progress with this triplex in further cell investigations.
Unfortunately, as with many of the multiple component samples analysedhe major

spectral peaks did not meet the multiple compnent criteria and thus could not be

95



selected for identification because of the high degree of spectral overlap between each

of the nanotags.

Similarly for the MBA+MPY+NBT triplex solutionunique peaks were found at ~ 180
cmt z §-@)59 ring, ~1001 cmi(ring breathing)220 and 1331 cm! z } .2)#23 for MBA,
MPY and NBT respectivelyRigure 3.33). However the uniqueidentification peak for
MBA was again relatively low in intensity and this might not be identifiable following

cell uptake. Therefore, it was decided not to progress with this tripbe for further cell

investigation.
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Figure 3.33: MBA+MPY+NBT triplex sample the triplex solution (black line) was plotted on
the primary y-axis and the solution standards MBA (yellow line), MPY (blue lingnd NBT (red
line) were plotted on the secondary yaxis. The unique peaks were labelled with the appropriate

small molecule abbreviation. No major peaks were observed below 250 cror above 1800 cmt

EAT AA OE

—— MBA:MPY:NBT triplex spectrum
— MPY

MBA
——NBT

NBT

400 600 800 1000

T T
1200 1400

Raman Shift (cm™)

A ODPAAOOOI

extended scan, 68200 cm?).

For the triplex solution MPY+DTNB+NBT, uniqupeaks were found at ~1075cm1 j-#
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peak at ~1001 cm?! was relatively low in intensity ~5000 a.u. it was hoped that this
peak would still be identifiable when the sample was applied to cells. Even if a 10 fold
decrease in signal intensity arose the peak should still have an intensitys580 a.u. thus

it should be distinct from the baseline aml satisfy the 3x signatto-noise threshold for a
PAAE O AA AT 1T OEAAOAA O1 AA OOAAI &8

90000

70000 4 —— MPY:DTNB:NBT ftriplex spectrum i
——DTNB L 80000
—— MPY A
60000 4 —— NBT 20000
__ 50000 - 60000 <
3 L s
2 s
= L 2
£ 40000 | 50000 <
[72]
g i 8
£ - 40000 =
é 30000 | g
L]
s 5 L 30000 &
20000 -
L 20000
10000 7 [ 10000
0 - L0

400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 3.34: MPY+DTNB+NBT triplex sample the triplex solution (black line) was plotted on
the primary y-axis and the slution standards MPY (blue line), DTNB (green line)and NBT (red
line) were plotted on the secondary yaxis. The unique peaks were labelled with the appropriate

small molecule abbreviation. No major peaks were observed below 250 cror above 1800 cmt

henAA OEA OPAAOOOI xAO Q06 ®33AMGCAge, S5E0AR3 MM EIDsCT U § 1

extended scan, 88200 cm1).

The key identification peaks for the triplex (MPY+DTNB+NBT) occurred within a small
range (980-1160 cm?) (Figure 3.35) and this was ideal when considering the
instrumental constraints at the initial time of analysis. The grating combination and the
CCD (400 x 576) only allowed for a very small spectral range be analysed when
mapping ~ 400 cm?. Thus for this particular triplex, the key identification peaks could
be observed simultaneously rather than performing multiple maps of the same area

using different spectral ranges.Based on the success of the trigx in solution (Figure
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3.34 and Figure 3.35) and the potential to rapidly doserve the key identification peaks,
provided that cell uptake was successful, it was decided to progress with this triplex for

cellular investigations.

25000

25000
— MPY:DTNB:NBT triplex spectrum 'nz'=
DTNB
——MPY
20000 4 —NBT ) L 20000

N

[

.‘I \|
- /o -
2 15000 - /o | 15000 3
s / s
£ ! 2
I f I
c [ c
2 2
E E
= 10000 ) - 10000 =
E / 7 E
[} [}
1 \ o o

> / \ g
2 -
5000 I L 5000
J”V-i\:_‘
Y \ S
A\ \ T A \\ A
0 e e T T T T T - 0
950 1000 1050 1100 1150 1200

Raman Shift (cm™)

Figure 3.35: MPY+DTNB+NBT triplex sample distinguishing peaks. The enlarged spectral area
depicts individually unique peaks for MPY, DTNB and NBT. The unique peaks were labelled with
OEA ADDOI DPOEAOA Oi Al 1«=1633InkA Ad@d, F0% HAMD AGS Exbedred T 8
scan, 03200 cm?).

There
MBA+MPY+DTNB+NBT and this was not found to be suitable for multiple component

was only one possible higher multiple component combination
analysis since there was considerable spectral overlap between the four reporter
molecules. There were no peaks uniquely distinct to MBA, DTNB and NBT and there
was only one unique MPY peak (~ 415 cri). In the hope of achieving a higher multiple
component sample two further SERS labels,-RIPT and SER803, were incorporated

into the investigation. Each of the labels were individually and cumulatively added to
the three successful triplexes already discussed (MBA+MPY+DTNB, MBA+MPY+NBT
and MPY+DTNB+NBT). However, SER83 overlapped considerably with MPY thusit

was not suitable for in@rporation in any of the triplexes and 2NPT overlapped

considerably with MBA thus it was only suitable for incorporationin the final triplex.
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The removal of SER803 labelled nanotags alsceliminated any concerns about the
dramatic increase insize following exposure to the cell mediaThe incorporation of 2-
NPT into the final triplex MPY+DTNB+NB@id however lead to a successfulourplex.
Unique peaks were found at ~ 162cm! z j-@)ring25224 ~1075 cm?1) }-@&)23 ~ 1150
cmly §-@p21 and ~1001 cm? (ring breathing mode)220 for 2-NPT, NBT, DTNB and
MPY respectively Figure 3.36). The doublet of peaks arising ~ 1075cmt which has
already been identified as a unique pealand at ~1108 cm-1 was further used for
identification of NBT.
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Figure 3.36: MPY+DTNB+NBT+2NPT fourplexsample z the fourplex solution (black line) was
plotted on the primary y-axis and the solution standards MPY (blue line), DTNB (green line),
NBT (red line) and 2NPT (magenta line) were plotted on the secondary-gxis. The unique
peaks were labelled with te appropriate small molecule abbreviation. No major peaks were

observed below 250 crmtor above 1800 cmtE AT AA OEA OPAAOOOI xAg 06001 AA
=633 nm edge, 50%3.3 mW), 10s, extended scan,-3200 cm).

As with the MPY identification peak(~ 1001 cm-t) the 2-NPT identification peak was
relatively low in intensity ~ 8000 a.u. (Figure 3.36) and again if a 16fold decrease in

signal intensity arose upon applying the nanotags tthe cells the peak should still have
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an intensity ~ 800 a.u. and be distinct from the baseline whilst satisfying the sign#b-

noise criteria.

However, unlike the triplex sample, provided that cellular uptake was successful,
identification of all four unique peaks would only be possible by mapping the same area
twice because of the instrumental limitations (i.e. the CCD range). Any cell population
subject to the fourplex multiple component solution would be mapped once by centring
at 1100 cm? for identification of MPY, DTNB and NBT and again while centred at 1600
cmifor identification of the 2-NPT peak Figure 3.36). Although this waspotentially
more time consuming the possibility of ultimately implementing and detecting four

unique nanotags will compensate for the loss of speed.

The triplex MPY+DTNB+NBT and thdourplex MPY+DINB+NBT+2NPT were both
considered to be suitable multiple component samples for mukimarker cell imaging

and will be investigated further in cellular studies.

3.5.1 Principal Component Analysis (PCA) of the Fourplex

It was clear that this study would benefit from chemometric analysis since this would
aid in the differentiation between the individually labelled nanotag suspensions anth
the development of a suprior multiple component sample However, it was still
considered to be important to have atleast one peak unique toeach ofthe small
molecule reporters, to increase the confidence ando have a second method for
differentiating between the nanotags.Principal component analysis(PCA)was carried
out and it was found that it was posible to identify each of the individually labelled

nanotags when they were part of dourplex multiple component sample Figure 3.37).

PCA analysis was performed by Dr. Samaldbott.
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Figure 3.37: PCA of each of the individually labelled nanotag suspensions afadirplex multiple
component samplesThe multiple component samples containing equally proportions all four of
the individually labelled nanotagsare delineated by a black circle.

Spectral variations and thus the required information were identified by the
implementation of PCA which reduce the dimensionality of the data4.101 By doing this
the system is considerably simplified and variations are represented by principal
components (PCs) 20 replicates of each of the individually labelled nanotags were
analysed as were 2Qeplicates of the fourplex multiple component sample.From the
PCA plot it can be seen that the multiple component samples lie in the middle
delineated by the black circle whilst each of the individually labelled nanotag
suspension which are alsodelineated by an apprgoriately coloured circle, are found in
discrete locations around the central multiple compnent sample. This separation
confirmed that it was possible to differentiate between each of the individual
components within a multiple component sampleFor the NBT labelled samples there
was an outliner and tis was probably due to spectral variation between this sample
and the others analysed, such as a cosmic ray or it may have been aggregated to a
greater extent.
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3.6 Detectability of SERS Nanotags in Cell Populations and
Single Cells
3.6.1 In vitro Analysis of the SERS Nanotags

Following on from the success of the multiple component study where a successful
fourplex was developedz the nanotags were applied individually to cell populations
(HelLa) to evaluate heir detectability and to demonstrate proofof-concept. In addition
the triplex MPY+DTNB+NBT and the fourplex MPY+DTNB+NBTNPT were also
applied since these were previously found to be the most suitable multharkers for
cellular imaging. The cultured cells were incubatedwith the appropriate nanotag
solution (100 pL) for 1h. Following incubation, the cells were washed 4x with 4 PBS
(pH 7.6) to remove extracellular nanotags before fixation with paraformaldehyde. After
fixation the cells were washed with PBS, di® and airdried before mounting onto

microscope slides.

Samples were interrogated by Raman mapping using a Renishaw inVia Raman
spectrometer/ Leica DMI 5000 M inverted microscope A 633 nm HeNe excitation

source was used and cell samples were imaged usingLaica 100x LWD (0.75 N.A))

objective. A grating of B0O lines / mm was used with a RenCan€CD(400 x 576

pixels). 4 EA DPOET AEPI AO T &£ 300AAI, ETAA AT A 300AAI

method of false colour image generation are discussed in secti8rR.4.

3.6.2 Detectabili ty of the Individual S ERS Nanotag Suspensions in

Cell Populations

When each of the small molecule labelled nanotag suspensions werapplied
individually to HelLa cells they were detectable within thepopulation and they were

positively identified by component DCLS (Figure 3.38 - Figure 3.41). The
measurements were performed using the StreamLine mapping system as at thetial

OEi A T &£ I AAOOOAT AT O OEA E high @sdtioRnafping. AOT § 0 1
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Figure 3.38: False colour SERS map image and representative spectrum for MPY labelled
nanotags applied to a HelLa cell population. a) white light image, b) false colour SERS map image
¢) LUT colour bar and d) represetative SERS spectrum for MPY labelled nanotagghe cell
spectrum is plotted on the primary yaxis and the reference on the secondary -gxis.
(StreamLine-1ex= 633 nm, 100% ¢ 6 mW), spectral range 9141296 cm?, step size x,y 0.5 pm
5s).
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Figure 3.39: False colour SERS map image and representative spectrum for DTNB labelled
nanotags applied to a HelLa cell population. a) white light image, b) false colour SERS map image
¢) LUT colour bar and d) repreentative SERS spectrum for DTNB labelled nanotagshe cell

spectrum is plotted on the primary yaxis and the reference on the secondary -gxis.
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(StreamLine-1e= 633 nm, 100% & 6 mW), spectral range 9141296 cm?, step size x,y 0.5 um
5s).

Figure 3.40: False colour SERS map image and representative spectrum for NBT labelled
nanotags applied to a HelLa cell population. a) white light image, b) false colour SERS map image
¢) LUT colour bar and d) represerdtive SERS spectrum for NBT labelled nanotagshe cell
spectrum is plotted on the primary yaxis and the reference on the secondary -gxis.
(StreamLine-1¢= 633 nm, 100% ¢ 6 mW), spectral range 9141296 cml, step size X,y 0.5 um
5s).

Figure 3.41: False colour SERS map image and representative spectrum foNPT labelled

nanotags applied to a HelLa cell population. a) white light image, b) false colour SERS map image
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