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Abstract

Small gold nanorodéSGNRSs) are nanorods that are -SlBnmin lengthand less than

10 nm in diameter. Th&GNRs maifest excellent optical properties arising from
localised surface plasmon resonance including strong optical absorption and scattering
tunable from the visible ttheinfrared region of electromagnetic spectrdihe SGNRs

have higher absorption to scaitgrratio compared tthelarge gold nanorods (LGNRS),
making the SGNRs good photothermal agents. Moreoviee, SGNRs have ease of
subcellular accessibility, high internalization rate and large surface area to volume ratio
for binding of analytes. Theset@butes makehe SGNRs good candidates in various
biomedical applications such as biosensing, imaging and delivery of drugs. This study
is aimed at developing gold nanorolased nanoprobes for detecting molecular
biomarkers at the single cell level, afthrtacterization of the optical properties anel

photothemal effecs of gold nanorod$or photothermal therapy of cancer.

A systematic study on the growth conditsamas carried out and a reliable method has
been developed for the synthesis of stable R&Nith good control over size and sbap
and high yield of rods. ThRBGNRs were successfully functionalized with hairpin DNA
(hpDNA) for targeting messenger RNA (mMRNA).

Moreover, this work investigated the influence of gold nanorods size and medid@ on the
photothermal effect. Theoretical calculation revealed thatSGNRs have higher
photothermal efficiency thatie LGNRs in solutionHowever, insolutionthe SGNRs
generated slightly more heat at-ofsonance illumination while the LGNRs generated
moreheat than SGNRs at plasmon resonance excitiieverthelesghe experimental
study revealed thdahe SGNRs generated more heat ttlaLGNRs when both are in

gel media that is close to cell enviromdrurthermore, aptamer functionalized SGNRs
nanopobes were developed for targeting cancer céli® SGNRs based nanoprobes
were found to have higher photothermal effect in cancer cells compared to the LGNRs

nanoprobes.

In addition the SGNR based nanoprobes were fouttdbe more sensitive thahe

LGNR based nanoprobes in detecting RNA cancer biomarkers in cells and exosomes.



This work demonstrates the capability thfe gold nanorod basechanoprobes in
detectinghe cancer biomarker RNA ablood serum.
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Chapter 1
Introduction

1. 1. Aims and objectives

Gold nanorodshave great potentiain biomedical applications because of their
biocompatibility, accessibility, chemical functionality and unique optical properties due
to localised surface plasm®nesonance. The aims and objectives of this studyt@
develop gold narrodsbased nanopra@s for detecting molecular biomarkers at the single
cell level, and characterize the optical properties thegphotothermal effestof gold

nanaodsfor photothermal therapy of cancer.

1. 2. Background

Cancer is one of the major causes of mortality itheveloped and underdeveloped
countries? due to late diagnos¥é, resistance to drugs and hormonal therdgied re
occurrence of cancer due to residual tumour cells after surgery. In addition, some cancers
such as oesophagus cancer are asymptomatic and can be detected very late after spreading
beyond the oesophageal wall leading to approximat@0#o mortalityrate® ©. Moreover,

the conventional screening methods for oesophagus cancer include cytology examination
and endoscopy with mucosal iodine staidir@ytology examination for exrple, can be

very uncomfortablevhile endoscopygan cause bleeding and triggarsallergic reaction

dueto iodine staining§ These screening methods are generally expensive and lack the
sensitivity to detect oesophagus camat theearly stagé. Attempts to diagnose other

forms of cancers such as neuroendocrine prostate cancer (NEPC) at the early stage have

been challenging because the current screening methods (androgen receptor, AR and



prostate specific antigen, PSA tests) lack the specificity and sensitivity to detect NEPC at
the early stage Furthermore, NEPC does not express AR nor PSA biomarkers making
the diagnosis of NEPC very challenging.  Furthermt@h the normal andthe
cancerous prodsta cells express PSA; araoh elevated PSA level does not necessarily
implicate prostate cancefFor example, prostatisis or urinary tract infection could induce
an elevated PSA levéls Moreover,a PSA test is ssceptible to false positive or false
negative resu. This obligates the use of other tesigy(transrectal ultrasound;nay

and cystoscopy) to make informed prognbsi$ie delay in conducting further tests to
establish a prima fa&e case of prostate cancer could exacerbate the morbidity of the
patient leading to deatlttempts to treat cancer through conventional means (surgery,
chemotherapy and radiation therapy) have been challenging due to lack of sensitivity to
discriminate baveenthe cancerous anthe nonrcancerous cells, numerous side effects
onthehealthy cells leading to the death of the patfeht8 This requires new techniques

to enable sensitive and facile detection of eatdomarkers and high efficacious therapy.
Metal nanoparticles have demonstrated to be good candidates for scesghirgptment

of cancerbecause of their fascinating optical properties, high internalization rate, deep

tissue penetration and biocompdity with the biological system's+13,

1. 3. Metal nanopatrticles

Metal nanoparticles have gained attention in nanotechnology because of their utilization
in catalysis, photonics, information storage, optdedeics and biomedical
application$*!’. Metal nanoparticles are nanoscale nanomaterials made from metal
elements with akeast onadimension in the rangef 3-100 nn®1°, Nanoscale particles

are of great interest in nanotechnology thugneir unique size, shape, electrical, thermal,



magnetic and optical propertf€s The size and shape of metal oparticles for example,
are essential parameters in both synthesis and applicdfibnExamples of metal

nanoparticles include zinc, cerium, titanium, and if8rf324,

1. 3. 1. Noble metal nanoparticles

Noble metals nanoparticles are nanomaterials developed from noble metatesad
include platinumsilver and gold nanoparticles. Noble metal nanoparticles are uniquely
different from other metal nanoparticles besa they exhibithe surface plasmons
resonance (SPR) effégt

1. 3. 2.Bulk plasmonsin metals and surface plasmosresonance innoble metal

nanoparticles

Plasmors arecollective oscillatios of free conductingelectrons in metals and metal
nanoparticle’>?%, Metals are alimensional (3Dpulk structures with no confinement of
electronsBecausehemetallic electrons can move freely in 3 dimensions, the interaction
of a metalwith incidentlight results inanincoherenboscillatiors of the free conduction
electrons out of resonance with the wavelengthionident lightleading to a faster
collision with the latticethus, incident light is prevented from penetratingdbpth of

the metal. The incoherent oscillatisof free conductia electrons along thieulk of a

metal can thus be described as bulk plasron the other hand, metal nanoparticles are
1-dimensional (1D) nanostructures with electron confinement in two directions. Because
of the electron confinement effextthe optical properties @ metal nanoparticle are
uniquely different from that of the bulketal Thus, surface plasmeran be described

as the cohererdscillatiors of the free conduction electrons at the interface between the
surface of a metal naparticle and dielectric medium in resonance wlit& wavelength

of incident light® 2627, Because thescillations ofthe free electronsre confinedo the
surface of anoble metal nanoparticle, hence the term localised surface plasmon
resonancelhe interaction othenoble metal nanoparticles witheincident light induces

local electric field to thenetalnanoparticles forcing the free electrons to separate from



the lattice structufd The coherent oscillatienof free electrons of noble nadt
nanoparticles in resonance withcident light leads to strong optical absorption and
scatering of light®. Surfaceplasmorresonance in noble metal nanoparticles occurs only
if the size of the nanoparticle is > 2 jgmaller than the wavelength of incident light; and
the frequency of the oscillatingeetrons must be in resonance witte frequency of
incident light?.

1. 4.Gold nanopatrticles

Gold nanopatrticles are nanomaterials fabricated feoprecursor ga metal. Gold
nanoparticles are preferred over other noble metal nanoparticles bebeugeld
nanoparticles are netoxic, chemically unreactive, good quencherslaebifescence and
biocompatible withbiological systen?$3. The ld nanoparticles are particularly
utilized in nanotechnology due their superior absorption and scattering properties when
irradiated by a electromagnetizvavesourcé?® @34 There are diierent types of gold
nanoparticles and these include nanoshells, nanocages, nanocubes, nanostars, ,

nanospheres, and nanorbds

1. 4. 1. Gold nanoshells

Gold nanoshells are 1&#D0 nm sized spherical nanoparticles with dielectric cores
shielded by a metallic gold sh&#’. Gold nanoshells werfabricatedby Halas and co
workers in 200%. They are good contrast agents for imaging duledivlarge extinction

cross section. They exhibit a single peak localized surflasgnpn resonance frothe

visible tothenear infrared wavelengtlus the electromagnetic spectru@oldnanoshells

are known to be tuable, photostable and naytotoxic®. These attributes rendeold
nanoshells very useful in cancer diagnosis, therapy, imaging and medical biosensing. In

addition, gold nanoshells can be used as vehicle for delivery of drugs and eikzymes



1. 4. 2. Gold nanocages

Gold nanocages are hollow and porous nanosydemsatedoy Xia and ceworkers®.
Gold nanocages are typically-B0 nm in siz&°. Gold nanocages can be synthesized
by creating a silver nanoparticle template which can péaced by gol# “°. Gold
nanocages have a single absorption peak that lied@0® nnt!. Gold nanocages have

demonstrated photothermal efféetmicemodel infected with cancer célfs

1. 4. 3. Gd&d nanocubes

Gold nanocubes are loetlike nanostructures with table surface plasmon resonance
from thevisible totheinfraredwavelengths of the electromagnetic spectriigpically,

the size of gold nanocubes lies between8Bnnf?. Gold nanocubes can be synthesized
by a three steps approach. These include prepiduégpld seeds which are further grown
sequentially by two growth solutiofts

1. 4. 4. Gold nanostars

Gold nanostars are anisotropic gold nanoparticles with multiple sharp tips. The multiple
tips enhance local field around the nanoétaihe surface plasmon resonance of gold
nanostars can ligned fronthevisible totheinfraredwavelengths of the electromagnetic
spectrunby adjusting the length of the tips, increasing the density and distance between
thegold nanostafé. Gold nanostars can be synthesized by the seeded growth ffiethod
The preformed gold seeds coated with polyvinylpyrrolidone (PVP) solution are added to
a solution containing gold salt, PVP andNNdimethylformamide (DMF) to react for 24

hours. The sizef gold nanostars ranges 1260 nnt,

1. 4. 5. Gold nanospheres

Gold nanospheres assume a spherical shape with a single absorption peak due to surface
plasma resonance in the visible electromagnetic spectetween 510 nm to 550dm

This limits thebiomedical applications of gold nanospheres in the near infrared #&gion



1. 4. 6. Gold nanorods

Gold nanorods (GNRs) are rtile shape nanopactes with absorption peaks along the
length axis and width axi ®. The absorptions along the length and width are the key
feature that distinguigitigold nanorods from other gold nanopartitteshe absorption

along the length axis is call longitudinal surface plasmoasonance (LSPR) whithe
absorption along theidth axis is cied transverse surface plasm@asonance (TSPF)

The longitudinal surface plasmon resonance can be fumadhevisible totheinfrared
wavelengths of the electromagnetic specthynadjustinghe synthetic parametesich

asthe amount okeed, silver nitrate ad CTAB etc.in the growth solutionywhile the
transverse surface plasmon resonance lies in the visible region arousg@Ha61> *

448 The bngitudinal surface plasmon resonance of gold nanorods is depemdtre
aspect ratio and dielectric constant of the surrounding environment. Gold nanorods are
easier to synthesize with good control over size and shape as well as longer circulation
time in comparison to gold nanosphere and nand8h@bld nanorods argenerally
biocompatible, nottoxic, photostable, good quenchers of fluorescence and easy to
synthesiz& 1213.%.5051 These properties make gold nanortdusideal nanoagents for
biomedical applicatiort8.

Gold nanorod can be classified based on size as large and small naticfodise krge

gold manorods (LGNRs) are nanorodsth ~38 -100 nmin lengthand > 10 nmin
diameter while the smaller gold nanorods (SGH§jfere~13-50 nmin lengthand < 10
nmin diametet® * The lrge gold nanorods manifest more scattering features than the
small gold nanorodand thé longitudinal surface plasmamsonance is tunable to the
near infrard'® ¥, The snall gold nanorods are absorptidaminant gold nanorods with
tunable longitudinal surface plasmon resonance to the near infedeettomagnetic
spectrun* %, The snall gold nanorods have higher absorption to scattering ratio
compared tohelarge gold nanorods, makitigesmall good nanorods good photothermal
agent$®> *. Furthermorethe small gold nanorods havelarge surface area to volume
ratio, high cellular uptake, high clearance rate from the liver, spleen and the kidney,
efficient diffusion through the blood vessels and ease of subcellular accesSiBiify

%8 These attributes malkiee small gold nanorods essential nanomaterials for biomedical

applications.



1. 5. Optical properties of gold nanorods

Surface plasmon resonance plays a critical role in the optical propertidd obgorods.
Surface plasmoresorance induces optical absorption and scattering of incident light by
gold nanorods. The absorption and scattering properties of gold nanorods are functionally
dependent on the size, shape and dielectric constant of the mediufime absorption

and scattering effects of gatdnorodsattenuate the intensity of incident lightie exten

to which light is attenuated as it interacts vl gold nanorods is called the extinction

coefficient,.

Previously, Gustav Mie developed a theoretical model to explain the interaction of
incident electromagnetic light witthe spheri@l particles v& absorption and scattering
crosssections. The sum of the absorption and scattering-ssxs®ns yields extinction
crosssection.The extinction crossection ofthe sphericahanoparticles smaller than 20

nm canbe computed byMie theorygivenas-® 8%

C1h 2 Re. R
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whered is the extinction crossection olhansphere? is thediameer ofnanoghere,

1 is the wavelength of incident lighg is the complex dielectric constant of the metal
givenbyr =ree( Y R ivped ¥*) i S t hedryeali sparhte amdagii n
dielectric function of the meltaespectively andr is the dielectric constant of the
surrounding mediunilhe real part of the dielectric constant of the metal determines the
position ofthesurface plasmon resonance (SPR) while the imaginary part determines the
bandwidth®. Thewavelength at whiclthe SPR condition ohansphers is fulfilled is

given by:

Ree GR P83
Gans extended the Mie thgoto analyse the extinction cressction ofnanoparticles
with rod shape (nanorod) he extinctioncrosssection of gold nanorodsessthan80 nm

in length can beomputedoy Garsdmodelgivenas® 662
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where N is the number of particles per unit volume, V is the volurtreegfarticleswhile

a,Re YirRd ¥ ) Rahmdk their usual meaning = (4 g) is the depolarization factor

given as:
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where A p - 16.

A and B are the length artde diameter of the gold nanorods respectiv@gan®model

predicted that the wavelength at whible SPR ofgold nanorods occurs is given by:
R — R 1.7.

Based orthe SPR condition of nanorod (equation 1.7.) predicted by#red model,
Link and ElSayedexplicitly prediced the wavelengthat which the SPR along the
longitudinal axis ofgold nanorodccurs by a solution afquation 1.7Their prediction
demonstratethe dependency ¢fie SPR along the longitudinal axis thregold nanorod
aspect ratio and dielectric constant of the surrounding medium as elatagpsothe
Gan®model(equation 1.3. Link and E+Sayed® factored a linear relationshigetween
the position ofthe SPR along the longitudinal axfs ), andthe nanorods aspect ratio

(02) andthedielectric constant of the mediufRee). The relationships given as:
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1. 6. Synthes of gold nanorods

Gold nanorods can be synthesized by several methods, which include template,
electrochemical, photochemical, seedless, sitMbr assistedseed mediated growth
methodg> % 6467,

1. 6. 1. Template method

The emplate method is an electrochemical deposition based method introduced by
Martins and ceworkers®. It involves tte electrochemical deposition of gold within the
pores of nanoporous polycarbonate or alumina template membranes. The process begins
with sputtering small amount of silver or copper onto the alumina template membrane as
a conductive film for electrodepositi. This is followed by electrodeposition of gold
within the nanopores of the alumina templétier the electrodeposition of gold into the
nanopores, the synthesized gold nanorodstained inthe template membrane are
immersed in an organic solvent tisgblve the membrane while the silver or copper film

is removed by wiing with the laboratory tissffe Then, a polymeric stabilizer such as
poly(vinylpyrrolidone) (PVP) is added to the solution of gold nanorods to enhance the
stability of the nanorodshapé®. The diameter of theanorods can bedjusteddy tuning
thediameterof the pore®f alumina templaf&, while the length can beontrolled by the
deposition time and the amount of gold deposited into the $§dPeBecause the diameter

of the pors of thetemplatemembrane is fixedjirectvariability of the diameter of the
synthesized metal nanorods is minimisedh®template method. Cepak and Maftin
synthesized gold nanorods with 40 nm and 90 nm in diameter by template method using
polycarlonate filtration membranes, and a silver film as cathode. The length of the 40 nm
and 90 nm diameter gold nanorods was changed by varying the deposition time. The
longitudinal absorption of the 40 nm atiet 90 nm diameter gold nanorods was limited

to thevisible wavelengths (520 553 nm).It was found thathtte nanorods precipitated

in the organic solvents (hexaflueBgpropanol and chloroform) due tihe loss of
stability. In addition, it was found thathe gold nanorods with higher aspect ratio
precipitated much faster than the gold nanorods with lower aspect ratio. Van de Zande et

al. synthesizedjold nanorods bthetemgate method by electrodepositiggld into the



nanopores of an alumina membré&hdlthough, the longitudinal absorption of the gold
nanorods was tuned to the near infrared, the nanorods were characterised by side branches
and surface irregularities duettte pore geometrdf. Evans et af* adsorbed aluminium

films on a silicon substrate. The aluminium films were anodized in a sutpdeid. By

etching process nanopores were created in the anodized alumina template. Gold
nanorodswere grown by electrodepositirgpld into the pores of the petch alumina
template. Pra@eposition etching whilst keeping the length and the spacingeofdid
nanorods constant varied the diameter of the gold nanorods embedded in the anodized
alumina template. Although, the aspect ratio of gold nanorods can be varied by this
method, however, the procedure is very complicated, time consuming, very caktly a
overreliance on equipment for synthesis of gold nanorods. Gao’etregorted the
synthesis of gold nanorods using silica nanotubes as hard template for seeding of the gold
seeds. The gold nanorods were grown in the silica nanotubes after whidltéhehsll

was etched by sodium hydroxide. Homogeneity in size and high yield of gold nanorods
were achieved by this approach. However, multiple processes are required to obtain the
final gold nanorods, and the etching of silica shell by sodium hydraxidiel affect the

surface quality of the synthesized gold nanofbds

1. 6. 2. Electrochemical method

The dectrochemical method is based on the basic principle of electrolysis. It was
developed by Wang and -weorkers*™. It involves inserting a goldhetal plate and
platinum plate as anodené cathode respectively into golution containing
hexadecyltrimethylammonium bromide (CTAB) and tetradodecylammonium bromide
(TCAB) both acting as cesurfactant®€. The electrolysis is preceded by addition of
acetone and cyclohexane into the electrolytic solution. A typical 3 mA is pasdbe
electrolytic process for 30 mitesunder controkd temperature. The gold metal anode
reactswith the electrolyte to producAuBrs, which migrates to the cathode where
reduction takes place. Addition of silver ®is needed for the formation of nanor®ds

Yu e al. synthesized gold nanorods of different aspect ratios via electrochemical

method. The electrodes were gold metal plate (anode) and platinum plate (cathode) both

10



immersed in an electrochemical cell containing hexadecyltrimethylammonium bromide
(C16TAB), and a rod inducing esurfactant aanelectrolyte. In a bid to improve the yield

and tunability of the length of gold nanorods, Chang ét mitroduced acetone and
cyclohexane intdhe electrolytic solution whilst silver plate was immersed behied th
platinum electrode. The silvetateinduced the formation of silver ions necessaryafor
anisotropic growth of gold nanorods. Huang modified the electrochemical method by
direct electroreduction of bulk Auglions in the presence of polyfinylpyrrolidone)

(PVP). A platinum rod (cathode) and a platinum sheet (anode) were immersed in an
electrolytic solution containing potassium nitrate (Kil@hloroauric acid (HAuG) and
PVP.Previous reports have shown that gold nanorods synthesized by this mwetieod

not homogenous in size and havsignificant proportion of spherical particl&€€’. In
addition, the method is complicated and the procurement of an electrochemical cell can

be very expensive A simplified method dr synthesi®f gold nanorods is needed.

1. 6. 3. Photochemical method

The photochemical method involves exciting the growth solution aiitliltraviolet V)

laser light.The reagents for synthesis of gold nanorods are mixed togethesnapot
growthsolution.CTAB and silver ionsareadded to the growth solutida facilitate the
formation ofa soft CTABtemplatefor ananisotropic growthand preferential deposition

of gold atoms for evolution of rod sh&peThe final growth mixture is then exposedato

UV light of given intensity for photoreduction of gold idhsPlacido et af? synthesized

gold nanorods via a photochemical approach by preparing a solution containingsHAuCI
acetone, cyclohexane, CTAB, Tetrakis (decyl)lammoniumbromide (TDAB) and varying
amount of silver ions (AQ. The mixture wagxposed t@UV light at room temperature

at varying irradiation time. In the preserafeAg®, the yield of gold nanorods was >60%
and >68% of the entire pafation of gold nanoparticles fat7hours and 21 hours
irradiation time respectively. The yield gold nanoords declined further at longer
irradiation time with the population of spheres and spheroids reaching-9@%
Furthermore, more triangles and cubes shapes were formed at higher amountff Ag

careful examination of the transmission electraaroscope (TEM) images revealed that

11



the control of the size and the shape of the gold nanorods is difficult to achieve by the
photochemical method due to the simultaneous formatnmhgrowth of gold seeds to
nanorod¥. Moreover, previous studies haviosn thatthe photochemical method
requires longer reaction time and the gold nanorods are highly susceptible to transform
to nanospheres if the gold nanorods solution is exposedUWy light for a longer
irradiationtime® %, Moreover, fluctuation®f the UV light intensity could affect the

growth of the nanorods.

1. 6. 4. Seedless growth method

The seedless growth method is also apoemethod where all the reactants are mixed
together in one growth mixture withe CTAB andthe silver ions bothbinding onthe
selected facetof the nanorods. Furthermore, silver ions facilitate the preferential
deposition of gold atomsn the selected facets ¢he nanorod®. The formation of gold
seeds occurs simultaneously wifowth into a rodshape The seeds doot necessarily

grow toacritical size before metamorphosing into rods. This method is very simple and
lesstime isspent @ producingthe gold nanorodsXu et al®® reported the synthesis of

high yield of gold nanorods with high aspect ratio by seedless method. Recently. Li et
al 8! synthesized longange gold nanorods with longitudinal surface plasmon resonance
of 1200 nm by seedless methddhe TEM images bthe studies by Xu and Li groups
revealed that the gold nanorodsithesized by seedless method wiiianer with high
aspect ratiosompared to the gold nanorods synthesized by silver assisted seed mediated
growth methoéf ® due to a reduced width airig from the incomplete growth of the gold
seeds to a critical sizeThis implies that the volume of thinner gold nanorods will be
smaller in comparison timethicker gold nanorods of the same aspect r8@sed on the
Gan®model, the extinction coeffient of thinner shape gold nanorods with similar aspect
ratio as the thicker shape gold nanorods will be smaller because of reduced particle
volume. A smaller extinction coefficient will reduce the absorption and scattering

efficiencies of the gold nanads.
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1. 6. 5.Silver assisted sed mediated growth method

Thesilver assistedeed meditated growth method involves the preparation of seeds and
growth solutions separately. The seeds solution is incubated for a pktiioe to allow

the seeds to gvoto acritical size in order to develop large facets sufficient for surfactant
binding’’. A proportion of the seeds solution is later added to the growth solution and
incubated overnight for the seeds towrsufficiently toananisotropic shape. Trsélver
assstedseed mediated growth method is commonly used for synthesis of GNRs because
it is very simple, easy to control synthetic parameters and has a high yield of
monodispersed GNR&S®E, Previously,Jana et &f? introduced the seed mediated growth
metlod in 20011n the Jana et al. protocol, the sesdlution was prepared with HAuUCI
trisodium citrate and sodium borohydride (NafBind incubated for 4 hours before use.
The seed solution actasbothareducing agent analnucleation sit& for the growth of
nanorods. The gmeth solution was prepared witHAuCls, CTAB, cyclohexane and
acetoneDifferent amounts of sesdolution were added to the same amount of growth
solution in separate samples. Thereafter, ascorbit wes added to the mixture
containing the gold seeds atie growth solution. More gold nanospheres were formed
than gold nanmds from Jana et al. protocol. Nikoobakht anéSEyed’ modified Jana

et al. protocol by replacing trisodium citrate with CTAB in the sesadution and added
AgNO:s to the growth solution before introdag the gold seeds in final growth mixture.
The selective binding of CTAB surfactant and introduction of silver ion3)(#gproved

the vyield of gold nanorods bthe Nikoobakht and Ebayed protocdl’ ®. This
underscores the role of introducing CTAB and silver ions*JAg the growth solution
before addition ofhe gold seedsCTAB is acapping agent that providesoft template

for the growth of nanorawhen seeds are introduced through the formaticensifer
ion/CTAB complex orthe{110} facets as demonstrated in figl1?" %, The Ag ions
facilitate the preferential deposition of gold atoms tre {100} and {111} facets to
enhancean anisotropic growth ™ 88 Since then, several modifications have been
made to thailver assistedeed mediated growth metihto synthesize gold nanorods
specific requirements. For example, the protocol for synthesiggd End small gold

nanorods bilver assistedeed mediated growth method are diffeteffte.
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Figure 1.1. The facets ofagold nanorod.

Wei et al®*® and Mackey et @P synthesizedthe large gold nanorods with similar
chemicals used in Nikoobakht and$&hyed protocol, but with different concentrations
for both the seexdand growth solutions. The seesblution was incubated for at least 3
hours before us®n the other hand, Jia et*synthesizedhesmall gold nanorods with
similar chemicals by incubatirthe seed solution for 2 hours, while thgrowth solution
contained similar chemicals exceptdngchloric acid, HCI. Figure 2. displays the
scheme for synthesis tfe small gold nanorod by silver assisted seed mediated growth
method. The small gold nanorods synthesized by Jia et al.16&fe rm in length and
6-9 nm in diameter. Thiatio of gold seeds solution to the growth solution andgeeof
the gold seeds playenportant rolsin determining the final size and shapetagold
nanorods formett®l. Synthesi®f stable small gold nanorods witlameter < 6 niand

an improved yield bysilver assistedseed mediated growth method remains very
challengind® 3 Therefore, further improvement to tisdver assistecseed mediated
growth method for synthesis of smaller gold nanorods is needed.
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Figure 1.2. A scheme illustratinghe synthesis of small gold nanorod by silver assisted

seed mediated growth method.

1. 7. Surface modificationof gold nanorods

Synthesied gold nanorods are often coated with CTAB surfactant. The toxicity of CTAB
surfactant limits direct biological applications of synthesized gold narfSr&ds hus,
surface modification of gold nanorods can be performed tacepghe CTAB surfactant

with bio-friendly molecules and improve the stability of the gold nanorod structure. In
addition,thesurface modification of gold nanorods prepares the surface of gold nanorods
for adsorption of biomaterials such #se deoxyriboneleic acid (DNAF®. Surface
modification can be achieved by surface coating, ligand exchandeglactrostatic

adsorption. Generally, surface modification of gold nanorods involves coating a

15



biocompatible molecule on the CTABNR surface® or exchanging the CTAB surfactant

with a biocompatible molectite®.

1. 7. 1. Surface coating

Surfacecoating of gold nanorods can be performed with silicon dioxidej%i@l bovine

serum albumi?f % to reduce the toxicity of CTAB and prevent particle aggreg&tion
Silicon (SiQ) coated gold nanorods have been demonstrated to enhance the photothermal
performance, photoacoustic signal and optical responses of gold n&hotods
Similarly, bovine serumlbumin (BSA) coated gold nanorods have sh@ammmproved

biocompatibility and cellular uptak®® %,

1. 7. 2. Ligand exchange

Ligand exchange could be seen as a technique for replacing the CTAB surfadtent on
gold nanorods surface with bfdendly molecules or ligands. Ligand exchange can be
performed with polyethylene glycol (PEG) and mercaptohexanoic acid (RIHA)
PEGylated gold nanorods have been demonstrated to be highly soluble and stable for

biological applicatiorfs: & 97,

On the other hand, MHA is an organic molecule composed of a thio group (HS) and
carboxylic graip (COOH) as shown in figure3L MHA has strong affinity for goi¥ and

the carboxylic group of MHA facilitates the efficient adsorption ofiméecules such as
DNA on the GNRs structuré8. MHA binds tothe GNRs surface covalently via thio
chemistry®. Wei et al. andVbalaha et al. demonstrated the assembly of hairpin DNA
(hpDNA) onthe GNRs platform for detecting messenger ribonucleic acid (mRNA) in
solution phas®€ . In this study, ligand exchange involves the transfetheiCTAB-

GNR fromtheaqueous phase &morganic phase usirgroundtrip phase transfer ligand

exchange methd® .
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Figure 1.3. Theorganic structure of mercaptohexanoic acid (MHA).

1. 7. 3. Functionalization of gold nanorods

Functionalization of GNRs could be defined as the assemblage of functional agents on
the surface of GNRs foatgeting and delivery of therapeutics substances. In this study,
functionalization involves the adsorption of fluorophore labeled oligonucleotides of DNA
onto the GNRs surface to target specific cancer cells receptors and prevent the
nanostructure from degdation due to nuclease actiVty’l. The oligonucleotides are
designed with a thio group for linkage onto the GNRs by thio chemistry.

1.8. DNA

A DNA is found in the nucleus of living cetf. It is the reservoir of genetic information

in living systems and it is composed of polymer of nucleofid&sd by a linear sequence

or patteri®. A DNA is the building block for constructing new structdf&&™. It can be
synthesized by replication, enzymatic synthesid solidphase chemical synthesi®

16 The structure of a DNA is organised into primary and sgéaonstructures. The
primary structure is organised into a linear sequence of nucleofiiestucleotides
constitute the building blocks for a DNA. A nucleotide is composed of phosphate,
monosaccharides (R-deoxyribose) and nitrogenous organic baBke nitrogenous

bases includadenine (A) guanine (G) thymine (T), cytosine (C)anduracil (U). The

adenine and guanine are the purines while the thymine, cytosine and uracil are
pyrimidines®. The phosphate group bonds covalently to the monosaccharide residue on
the let by a phosphoester bond while the nitrogenous base group connects on the right
by a N-glycosidic bond!®1% The carbon atoms of the musacchade residue are
numberedd 6, 26, 36, 406and 5 0 thermohosacghdridesegitiua t e
at the 56 car bon atbéom ea hid phtspgiate groug commects| e d
the nucleotides of a DNA at ¢ ofeucl®ttidesc ar b
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terminates with OH on the 306t eambypioas at om

nucleotide is displayed in figure 1.4

nitrogenous or

_wi H,
._.r"'., — .-'""..-. :: -

.-"."'-I:" ];I| ]]

OCH, r——NZ

ademne base

monasa&aari de

OH

Figure 14. A typical primary structure ahenucleotide of a DNA.

The secondary structure of DNApresents the double strands oriented in antiparallel
pattern with 50, 30 ends at the one end
arrangement produces a twisted double helical structure. The nucleotide bases from each
strand face each other an opposite pattern; hence, they a@mplementary bases
Guanine is always lirdd to cytosine, and adenine to thymine via a hydrogen ¥énd

This arrangement makes the double strands complementary to each other.
Complementary bases pairing helps to maintain the constant widte 8N double

helix structuré®. The secondary structure@DNA is shown in the figure 4..below.
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(a)

Figure 15. The scondary structure of a DNAa) model of the DNA double helix
structure (b) DNA double helix structure showing the pattern of complementary®ases

1. 9. Molecular interactions of the gold nanorods with fluorophore labeled

oligonucleotide

1. 9. 1. Hairpin DNA (hpDNA)
An oligonucleotide is characterised by a sequence of nucleic acid bases with two ends
symoblized by 506 end and 3con, teeroligonucleotideo r a

structure is conformed mhairpin shapeomposed of a thio grougpacer, base sequence
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and a fluorophore in a sytematically arranged ordpr: thio group (SH)- spacer
base sequence fluorophore- 3j. The thio group links theligonucleotide onto the
GNRs surfae by covalent bonding from theénhd while the fend brings the fluorophore

closer to the GNRs siace as shown in the figurelbelow:

'DD ¢ (]:D
[') /
! D
/ ¢
! ¢/
¢/ ¢D

b

[

!

! /

| !

g D
e

Figure 1.6. The description of the interaction of gold nanososlithafluorophore labeled
DNA.

The proximity of fluorophore to the GNRs surface enhances energy transfer interaction
by Forster resonance energy transfer (FRET). FRET is a ddgaendent dipotdipole
molecular interaction and could be definedhasprocess by which energy is transferred
from an excited donor to the acceptar The effective distance fovhich the FRET
process occurs is-& nm for organic dyes and this distance is called the Forster
distancé®. For FRET to ocur, the emission spgum of the donor must overlape
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absorption spectrum of the acceptor; the donor and acceptor must be in close proximity
within the Forster distan®1, In the case of GNfRuorophore molealar interaction,

the energy transfer from the excited fluorophore (donor) to the GNRs (acceptor) occurs
via adipole-dipole interactio®’” 1. Gold nanorods extends the interaction range by 20
nm thus making ipossible to study lorgange molecular interaction in biological
systems. The energy transfer by FRET process is the basis for fluorescence quenching
abilities of GNRs. This makes GNRs ideal agents in fluorescence detection
applications® %112 For example, Wei et al. utilizade GNRs as a quenching agent in

the detection of targeted geng-myc ) in mRNA in a homogenous soluti®n This
demonstrates the potential of utilizittge GNRs for the diagnosis of cancer.

1. 9. 2. Aptamer

Aptamers are synthetically created by Systematic Evolution of Ligands by Exponential
Enrichment (SELEX An aptamer is a single strand biological molecule obthirom

either a DNA or RNA to target specific analytes. DNA aptamers are more stable than
RNA aptamers because RNA aptamers undergo degradation due to enzyme #étivities
14 An aptamer is composed of -Z0 nucleic acid bases. Aptamers bind various
molecules such as proteins, cells, peptides and tissues with high spé&ifisipyamers
are relatively small, neimmunogaic, nontoxic and very stable at room temperattire
116 Aptamers can be easily conjugated to nanomaterials such as gold n&hdfods
These features make aptamergsagle biomolecules in biomedical app@iions.

Displayed in table 1. is thelist of DNA aptamers and their analytes.
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Table 11. The list ofDNA aptamers, cancer biomaka&nd host cancer csll

DNA Cancer biomaker | Host cancer cell (c# line) Ref.
aptamer
NU172 Thrombin Hepatocellular carcinoma (HepG2) | 119120
Sgc8 Protein tyrosine Leukemia (CCRFCEM ) 116, 121
kinase 7 (PTK7)
AS1411 | Nucleolin (NCL) | Breast cancer (MDAVIB-231) 122123
AS1411 | Nucleolin (NCL) | Pancreatic cancer (BxP8) 123-124
SYL3C EpCAM Gastric @ancer (KATO Il 125
SYL3C EpCAM Colorectal adenocarcinoma (FZB) 115
SYL3C EpCAM Oesophageal adenocarcinoma {Ejo | 1%
SYL3C EpCAM Breast cancer (MGF) 127

1. 10. Incidence of cancer infectioaand mortality

Cancer is a generic term describing diseases with abnomal growth and spread?®f cells
12 Cancer is one of the major causes of global mortllitit has been prediote
previously that the new casef cancerwill increase to >15million, wittthe mortality
rising to 12 million by 2028, The Worll health organization (WHO) canaeportfor
2015indicatedthat about 14 million new infections and 8.2 million cancer related deaths
were recorded in 201Z. Furthermore,iie WHO cancer report for 2020 estimated that
18. 1million new cases of cancer and 9.dioil deathslue to cancer occurréa 2018%,

It is predicted that the new casescahcerwill rise to 2937 million by 2043, Table

1.2. for example, shows that oesophageal cancer has the highest percentage of global
mortality among the common cancer$hus, there isn urgent need to find effective
screening modalities for early detectiemd treatment of cancefhe estimated incidence
rate of cancer infections and mortality according to different types akecaior 2018

are shown table 2.

22



Table 12. The estimated incidence rate of cancer infections and mortality.

Cancer type New infection rate | Mortality rate (%) | Ref.
Lung cancer 2,093,876 1,761,007 (84) 618
Breast cancer 2,088,849 626,679 (30) 6,128
Colorectal cancer 1,800,000 862,000 (48) 6,128
Prostate cance 1,276,106 358, 989 (28) 6,128
Skin cancer (nomelanoma) | 1,042,056 65,155 (6) 6, 128
Stomach cange 1,033,701 782,685 (76) 6,128
Oesophageal ancer 572,034 508,585 (89) 6

1. 10. 1. Conventional methods for cancer diagnosis and therapy

Early diagnosis of cancer is very important for a successful cancer therapy. The
conventional methods faliagnosis of cancer include blood sample test, biopsy, eazyme
link immune sorbent assay (ELISA), cytology examination, endoscopy and magnetic
resonance imaging (MR)-*1%, These methods can cause discombdeeding, allergic
reactions, high cost and are tioensuming '*. On the other hand, conventional
treatment modalities for cancer are chemotherapy, radiation and séfigdiyese
modalities are limited by lack of specificity on target, drug resistance, tumour
regeneration after surgery and other numerous side éffétt&. Hence, the need for

innovative diagnosis and treatment methods to target specific cancer cells is essential.

1. 10. 2. Cancer biomakers

A cancer biomaker is a molecule that determines the existence of a spmwilc type

140 Cancer biomakers can occur as proteins and nucleis &adcer biomakers are
important tools in biomedical applications for early diagnosis and treatment of cancer
disease¥. Cancer biomakers are very useful in identifying and targeting cancerous
cells'*t, Cancer biomakers can be targeted with hpDNNnd aptamers. Examples of

cancer biomakers and their host @ancells are shown in tablellabove.
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1. 11. Biomedical applications of gold nanorods
Gold nanorods have been demonstrated as promisingsagentarious biomedical
applications includig drug loading and delivery, biosensing, imaging and photothermal

therapy.

1. 11. 1. Drugs loading and delivery

The large surface area to volume ratio and absorption cross section of gold nanorods
makes GNRs ideal agents as nanovectors for loading, detine release of therapeutic
drugs to tumour sité& 43, For example, tumour growth in mice was inhited by polymer
encapsulated gold nanorods loaded with Doxorubicin (Bbx$imilarly, Chen et al.

terminated tumour viability in mice with Dox coated gold nanot8ds

1. 11. 2. Biosensing

The sensitivity of longitudinal surface plasmon resonance of GNiRe tefractive index

of the surrounding medium has been exploitedbiosensing applicatioRS The
fundamental principle in biosengirapplications witithe GNRs is thatchanges in the
refractive index of the surrounding medium are detected by a shtfieddngitudinal
surface plasmon resonance of GNRs. Furthermore, binding interaction b#te@&&iRs
andthe analytes in the micro@ironment leads to a shift of the longitudinal surface
plasmon resonance absorption of GRR®mair and Talukder demstrated thatthe
biomakers ofdiseases such as cancer and human immunodificiency virus (HIV) can be
detected at the single molecule level with a GNRs bios&RsBeptide functionalized
gold nanorods havaso beemlemonstrated as biosensors for detecting cardiac biomaker

troponin | in solution phasg®.

1. 11. 3. Cancer imaging

Gold nanorods scatter electromagnetic light inted&&y The scattering cross section of
GNRs is dependent dts size?. The scattering cross section of large gold nanorods is
more than the small gold nanordti$* 2. This m&kes the large gold nanorodteal
contrast agestfor imaging applications. The scattering properties of gold nanorods have
been exploited for imaging applications such as dark field microscopy (DFM), optical

coherence tomography (OCT), tywboton Iuninescence (TPL), photoacoustic
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tomography (PAT), Xay computed tomography (CT) and surfacdanced Raman
scattering (SERS¥ . Gold nanorods have been demstated as good contrast agent
in fluorescence lifetime imagin®. Yan et al. developed a GNRs based nanofipseem
for delivery of cancer drugs and cell imagdifig Betzer et al. utilized gold nanorods as
contrast agents tastinguish squamous carcinoma cells from+tancerous cells using

a hyperspectral imaging syst&h

1. 11. 4. Phiothermal Therapy

Photothermal therapy is a treatment modality that utilzebeat energy generated by a
colloid of noble metal nanoparticles following excitation dyeam of laser tkill cancer

cells and bacterial infectiofts®®+1°2, That is, therfee electrons itheconduction bandf

metal nanoparticles become agitatetlowing excitation byan incident lightof high
intensity leading to the absorption of lighBecause of the rapid phase loss in
femtoseconds, le agitatel free electrons collide with each other via electetectron
interaction, thus generatirigt electrons with a rising temperature of ~1060K The

hot electrons dissipate their heat energy to the lattice via elguti@mon relaxabn in
~0.51 picosecond®. The hot lattice dissipates the heat to the surrounding medium via
phononphonon relaxatiofl. The heat released in the surrounding medium can be
exploited to kill cancer cells and bacteria. Comparethégyold nanosphereshe gold
nanorods absorb light in the near infrared region where tissue transmission is v&ry high
153 Moreoverthegold nanorods generate heat 6 times faster and more efficierththan
gold nanosphereand nanehells because the optical absorption efficiencyhefgold
nanorod is 6 times higher thahat of thegold nanospheres artie nanoshells of
comparable siZ&™*. These excellent attributes mattee GNRs suitable agestfor
photothermal applications. Btothermal applications exploit the absorptesficiencyof

the GNRs to generate heat energy for therapeutic purpdsesSGNRs are absorption
dominant, therefore, could be better phothermal agents compared to the ¥GNRs

Few studies have reported photothermal therapy of cancer with aptamer funcntionalized
gold nanorods. Huang et al. functionalized a 53x14 nm GNRs based nanocomposite with

sgc8captamer to target protein tyrosine kinase in leukemia cancer cell (QERP)™.
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The result shoed that more CCRCEM cells were killed after photottreal treatment

with a 808 nm CW diode laser. Wang et al. demonstrated that 45x13 nm gold nanorods
functionalized with CSC13 aptamer killed prostate cancer stem cells after irradiation with
the NIR laser light (812 nni¥°. Studies on the photothermal applicationshefaptamer
functionalized SGNRs are however somewheking.

1.12. Summary

Metal nanoparticles are nanoparticles obtained from metal elements with at least one
dimension in the rangef 3-100 nm. The noble metal nanoparticles exhibit localised
surface plasmon resonance effect that makes them uniqtfelsedt from other metal
nanoparticles. The noble metal nanojgtet are made from noble metal elements and

theseinclude platinumsilver and gold nanoparticles.

Gold nanoparticles are nanoscale particles with excellent optical properties. The optical
properties of gold nanoparticles are very useful in biomedical applications particularly in
the diagnosis and treatment of cancer. Gold nanoparticles exist in different sizes and
shapes. The various forms of gold nanoparticles include gold nanoshellsagotthges,

gold nanocubes, gold nanostars, gold nanospheres and gold nanorods. Gold maeorods
preferred over other gold nanoparticles because of ease to synthigisiagood control

over the aspect ratend longer circulation timeMoreover, the ojptal absorptiorof gold
nanospheres is limited to the visible spectrum; hence, gold nanospheres cannot be used
for applicationsgn the near infrared region. However, the longitudatadorption of gold
nanorods can be tuned from the visiblethe near infared These combined with
biocompatibility and photostability makbe gold nanorods ideal agenfor biomedical
applications.Gold nanorods can be synthesized by various methods such as template,
electrochemical, photochemical, seedless aiinker assistd seed mediated growth
methods. Thesilver assistedseed mediated growth method is preferred over other
methods because it is very simple to control synthetic parameters and the yield of

monodisperse gold nanorods is very high.
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Chapter 2
Characterization techniques

2. 1. Introduction

Gold nanorods manifest fascinating pheptoysical properties such as absorption,
scattering, fluorescence emissioand fluorescence lifetime. Therefore, the
characterizatiotechniques employed to characterizephotophysical properties tfie

gold nanorods are absorption spectroscopy, fluorescence spectroscopy and microscopy.

2. 2. Absorption spectroscopy

Spectrosopy could be defined as the study of interaction between electromagaeéc

and matter. Fundamentally, the irgtetion of electromagnetic wawgth matter results in

light absorption, scattering, transmission and emission. Absorption spectroscopysnvolve
the absorption of an electromagnetiave by a molecule following excitation at a
particular wavelength from an appropri&iectromagnetievave source. The range of
wavelengths over whicklectromagnetigvaveis absorbed by molecules can be referred

to as the absorption spectrum. The amount of light absorbed by molecules depends on the
mol ecul esd <concentration, mol ar e Xhei nct i
amount of | ight absorbed by a molecul e i
extinction coefficient, concentration, and the path length of the solution through which
light is transmitte4 and this is known as the Beleambert law, described quantitatively

as:
I R A P8

where ! is the absorbance of the molecwtejs the molar extinction coefficient of the
molecule,l is the optical path length usually 1cm for a conventional cuvette in which the

solution is held, and c is the concentration of the molecule in moles per cm

Gold nanorods absorb electromagnetic tliflom the vsible to the infrared of the
electromagnetic spectrunfhe optical absorption of gold nanorods is measured in the
rangeof 400 nm- 1100 nm with a spectrophotometer. gestrophotometer is an optical

device for measuring absorbance of lightsogample aa function of wavelength. lis
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made up of double excitahosources (lamps) for excitatian the ultraviolet/visible
electromagnetic spectryra monochromator (wavelength selector), sample chamber(s),
detectofs) andasignal processor. Exastes of Bmps used ingectrophotometers include
halogen and deuterium for excitations randgnogn 300 nm-1100 nm, and 190 nrA350

nm respectivellyy Light fromthedeuteriumlampcan be blocked by adjusting the position

of a planar mirror P1 in synchronization with the monochromator wavelentiths,
allowingthelight fromthehalogen lamp to be reflected atoroidal mirrof. The broidal

mirror focuses the light via the filter wheel, \aa entry slit mito the monochromator

By means of a diffraction grating, the monochromator allows a specific wavelehgth
light to exit via the slit ato the spherical mirror. By virtue @& beam splitter, light
emanating from the spherical mirror is split by 50 %h&two planar mirrorsP2 and P3
respectively. Simultaneously, P2 and P3 focus thight to the respective sample
chambers (sample chamber and reference chamber) where a fraction of the light is
absorbed by an analyte suspended in a cuvette. The transmitted light from the sample
strikes the detector and the information is process#tke signal processor unit whdte

is converted to a digital sigth The working principle of gpectrophotometr is illustrated

in fig. 2.1. Prior to measuringhe absorbance of an analyte, gecrophotometer is
calibrated with a blank solution to seetinstrument to zero absorbance and 100 %

transmittance

43



q

Toroi dal

Ny

® Halogen

Pl anar
P1

. va?
Deuterll.’.‘. ' Monochr c

\J

Figure 2.1. The working principle ofaUV-vis pectrophotometer showing the optical

path of light.
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2. 3. Fluorescence spectroscopy

Fluorescence is the emission of a photon by a molecule from the lowest enet@y éev
singlet excited state {Bto the ground state 8. Internal conversion frorthe higher
excited eletronic states such ag $an also occur and this is a A@diative process
through which energy is lost as heat, therefore the excited electron retuingrer8 it
relaxes shortly before emitting a photon. The electrons of moleculessimglet exded

state return to the ground state by emitting a photon becausbéexicited state electron

and ground state electron are pairedppositespin orientation. The return tifeexcited
electron tdaheground state can be described as a radiative@ydaocess because a photon

of light is emitted. Fluorescence is a rapid event that occurs fist1Displayed in fig.

2.2. is the Jablonski diagram describitige fluorescence process following optical
absorption of light frontheground state by a metule. It can be seen fraime Jablonski
diagram that optical absorption occurs at lower wavelength while emission occurs at
higher wavelength. The difference between emission wavelength and absorption

wavelength is known as the Stokes shift.

Non-radiative decay
Q c
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Figure 2.2. Jablonski diagram describing absorption and fluorescence pescess
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Fluorescence spectroscopy is a powerful technigque in biochemical applications such as
sensing, cell imaging and clinical diagndSisFluorescence spectroscopy can be divided

into steadystate spectroscopy and tirdemain fluorescence spectroscopy.

2. 3. 1. Steadystate spectrecopy

Steadystate spectroscopy involves a constant illumination of a sample with a lamp to
measurethe fluorescence intensity as a function of wavelength. Changethean
fluorescence intensity can be used to recogihisdinding of nanoprobes to a tatfje

The range of wavelengths for which fluorescence intensity is measured is called the
emission spectrufn Fluorescence emission témsity can be measured with a
spectrofluorometer. Apectrofluorometer is composed afamp sourcean excitation
monochromatora sample chambem@n emission monochromatoan amplifier anda

recorder These componentareschematically shown in fig. 2.

Lamp source

Excitation
monochromator

Slit
&> @& > f Emission

l monochpmator

Sample chamber

Amplifier
Recorder

!
@f Detector
!

!

Figure 2. 3 A schematic setip of a pectrofluorometer.
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2. 3. 2. Timeresolved fluorescence spectroscopy

Time-resolved fluorescence lifetime sp@dcopy is a useful technique fogsoling
molecules that exist in different conformations using fluorescence lifetimsesomgrast
parametéet It can be used to resolve different species with different lifetimes in a
heterogenous environment. These advantages makaesokred fluorescence lifeten
measurement a very useful tool in fluorescence lifetormsedsensing of analyte and
fluorescence lifetime imaging (FLIM) Timeresolved fluorescence lifetime
spectroscopy can be performed usiigne correlated single photonwating (TCSPC)
technique with an IBH Fluorocube fluoresceni¢etime system shown in fig. £. The
TCSPC technique involvespulsed excitation of a sample wigiNanoLED ora laser
diode light source. The sample is excited by a pulsed ligth sourceeaaditral time of
the observed emitted photon is measured and stoeddstogram. The histogram depicts
the intensity decay of the sample. The intensity decay can be written as:

)O ) A c&8

where) is the intensity atO= 0 andz is the decay time.

Ly ¢

e
=

Figure 2.4. A Fluorocube fluorescence lifetime system.
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Prior to a fluorescence decay measuremehg instrument response function (IRF) is
performedwith a zero fluorescence lifetime sample to ascertain the shortest time profile
the instrument can measure for use in reconvolution. The excitation and emission
motorized polarizers are set@ Both excitation and emission monochromators are set
at the excitation wavelength of thdland_ED laser source durinthe IRF (prompt)
measurement. For fluorescence decay measurement, the excitation motorized polarizer
remains at ®while the emissiommotorized polarizer is set the magic angle (54% to

avoid polarization artefacts. The emission monochromator is set at the emission
wavelength of the sampl®ata analysis can be performed using DAS6 software to fit
fluorescence lifetimes decay curves to a rexgponential decay model given as:

00 6 Qo TE @8

wheret are the decay times afdthe associated amplitudes. The fractional contribution

of each lfetime component to the steadhate intensity is represented by

ot 6t c88

The average lifetimétfis calculated as

1 T a8

The procedures for fitting fluorescendetime decays are prested inappendix 4.

2. 4. Flow cytometry

Floating particles such as cells carrying fluorescent nanoprobes can scatter light and emit
fluorescent signals as theygsathrough a beam of laser light. The scattered light and
emitted fluorescent signals frothe cells yield useful information about the physico
chemical characteristics of the flowing cells using the flow cytometry tecthigdow
cyotometer shown in figure 2. utilizes the scattered light and fluorescence emission
signals fromthe flowing cells to generate information about the complexity and size of
the cell§ andthefluorescent signal of nanoprobes bindingtioacells. The signals from

the flowing cells can beotlected by specific detectors placed in front of the laser source.
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Figure 25. An Attune Nxtflow cytometer.

As shown in figure &., the cells are hydrodynamically focused in a single narrow
channel down the column by sheath flusdsthatat anygiven time,only a single cell is
intercepted byhe beam ofa laser lightpropagated perpendicular to tharrow channel
containingcells®. The interception between the cells @nelbeam ofa laser light results

in forward scatter (FSC) and side scatter (SSC) respectively. The FSC could be due to
the resultant effect of light diffraction aridis propagated in the same direction as the
beam of incident lasdight. The FSC intensity is proportiontl the size of the cell. On

the otherhand, SSGntensitycould be due to the effect of refraction and reflection of
light and it yields informaon about the complexity of the c&lThe data collectedytthe
detectors can be analysed by computer software and represented as a density plot and
histogram plot. The density plot reflects the SSC and irg@Dsitiesby the cells, while

the histogram depicts cell count versus fluorescent intensity emitté fiyorescent

probes bound to the cells
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Figure 2.6. The working principle of a flow gtometer.

2. 5.Microscopy
Microscopy is a useful technique for observing the structure of microscopic substances.
Microscopic techniques employed inglstudy are confocal fluorescence microscopy and

scanning electron microscapy

2. 5. 1. Confocal fluorescence microscopy

Confocal microscopy is afmaging technique involving aoofocal fluorescence
microscope. A confocal itroscope haa higher axiale s o | ut i é°compade.to5 € m)
a onventional widefield necroscope. It has apinole in front of the detector for rejecting
outof-focus ligth. These features mak®e confocal nicroscope images sharper and
crystal clear compared to the inemggenerated by a conventional widefieldnmscope.

The working principle of confocal mcroscope is thathelaser light passefirough an
aperture to the diwoic mirror where the light is reflected down the column of the
objective to the sample spot (stage). The emitted light from the sample returns back
through the dichroic mirror to the piate where oubf focus light (background light) is

rejected. Only focused light from the sample is allowed to pass through the pontiade t
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detector. The working prciple of a confocallfiorescencenicroscope is demonstrated
in figure 27.

0 Detector

C > > Pinhole

| Aperture
Dichroic mirror !

Objective lens

Sample stage

Figure 2.7. A schematic illustration ofhe working ofa confocal ntroscope.

2. 5. 2. Scanning electron mroscopy (SEM)

Scanning electron microscopig an imaging technique with a scanning electron
microscope (SEM)A scanningelectron mcrosmpeis an analytical tool that generates
images about the morphology of a sample. SEM has a resolution of #Gmanit is
composed ofan electron gun, two condensei@, objective aperture, objective lens,
scanning coilsa sample holder and sdillator-photomultiplier detectors for different
signals. The working principle of SEM is based on usimgemitted electrons from a
sample to reconstru@n image ofthe surface features of the sample. A higfergy

electron beam is generated by an etacttgun (tungsten filament). The highergy
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electrons generated from the electron gun are known as primary electrons. The beam of
electronsareacceleratd down the column by high voltage through the two condensers
and sets of apertures to the sample diemThen, the scanning coils scan the electron
beam on the surface of the sample and send the signal to the detector to generate the image
of the sample. The interaction of primary electrons with the sample yields backscattered
electrons (BSE), secondaegjectrons (SE), as well asrays from electron ionization.
Backscattered electrons are reflected primary electrons due to elastic scattering after
interacting with the sample. BSE-eenerge from the interior of the sample via the entry
surface and thus,sid information abouthe crystallography and magnetic field of the
samplé?. The SE are emitted from the surface of the sample, therefore SE yield
information about the surface features of the sample. FreeyXare emitted from the

core of the sample, thereforerys yield information about trehemical composition of

the sample. An SEM operates in two imaging modgesondary electron mode and
backscattered electronode. The intensity dhe backscattered electrons is usually high

but the resolution ahe BSE imaging mode is very poor dueatarge angle scattering.

The brightness ahe BSE imaging mode depends on the atomic number of the sample.
On the other hand, the intensitytbe SE is low; therefore, it generates morphological
information abouthe shape andhe size of the sample. Tis, the resolution ahe SE

imaging mode is bettéhanthe BSE. The setip of SEM is shown in figure &.
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Figure 2.8. The ®t-up ofascanning electron icroscope.

2. 5. 3. Nanosight LM10

A Nanosight is an optical device for visualizing nanopbasicundergoing Brownian
motion ina liquid suspension. Basically, it is composedadfM10 viewing unit, an
optical microscope and SCMOS camera as shownfigure 29. The Nanosight uses
nanoparticle tracking analysis (NTA 3.0) software to analysedzbéranging from 10

nM-1000 nm)andthe concentration ofhe nanopatrticles

Figure 2.9. A Nanosight LM10system
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Figure 210. displays the working principle o& Nanosight system. A sample of
nanoparticles is introduced into the chamber of LM10 vigwinit by a syringe. The
LM10 vewing unit encapsulates the laser excitation source that provides illumination to
the nanopatrticles. llluminated nanoparticles undergo Brownian motion and pass through
the beam path @heincident light. The motion of nanapticles passing through the beam
path can be visualized by the SCMOS camera fitted above the optical microscope. The
camera captures the video clips of the nanopatrticles which can be analysed by NTA 3. 0
software. The NTA analytical software tracks thegeictory of a single nanoparticle to

the centre of the nanoparticle and determines the mean square displacement of each
nanoparticle in the field of view. The mean square displacement of each nanoparticle is
reconstructed by NTA software to generate ayerananoparticle size while the

nanoparticle concentration is determine by couritiregndividual particles.

Theorectically, NTA software determines the mean square displacement of each
nanoparticle and calculates the diffusion coefficients of nanofegrtising the Einsten

Smuluchowski diffusion equation given'a¥"

&F0sO &0 FnsO cod 8
where &&¥@Os O is the mean square displacemant time (t), andO is diffusion
coeffident of the nanoparticle. The diffusion coefficient of the nanoparticle is used to
determine the hydrodynamic size of the nanoparticle according to SEoksen

equation given as :

o — c§&8

whereE is the Boltzmann constart,is the temperature, is the viscosity an@ is the
hydrodynamic radis of the nanoparticle.
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Figure 2.10. A scheme showing the working principleaNanosight LM10 system

2. 6. Summary

Characterization of gold nanorodanoprobes is very important imderstanthg their
physicochemical propeies. Absorption, scattering fluorescenece spectroscopic
techniques were employed in this study to charactatizegold nanorodsbased
nanoprobes. Microscopic techniques were equally explored to visualize the morpohology

of thegold nanorods structuresdthe binding of gold nanorods nanoprobesthgcells.
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Chapter 3

Synthesis of small gold nanorods and their subsequent functionalization with

hairpin single stranded DNA

3. 1. Introduction

Gold nanorods (GNRs) are one type of gold nanoparticles with two absorption bands
(transverse band and longitudinal ban@pld nanorods have excellent optoelectronic
properties occasioned by localised surface plasmon resonance and these properties
include larger absorption and scattering cross sections; tunable longitudinal surface
plasmon resonance frothe visible to the NIRwavelengths of the electromagnetic
spectrumandanenhanced local electric field in comparisortie gold nanosphegd?.
Furthermore, the refractive index sensitivity of GNRs is higher than th#teofold
nanosphes™. In addition, their lav toxicity and biocompatibilityhave made gold
nanorods versatile nanomaterials for variousngidical applicatiorf$. For examplethe

GNRs are better photothermal agents because the absorption efficiency of GISR is 2
times stronger thatiat of thegold nanoshediof similar size**°. GNR based biosensors

have been utilized in detecting the presendeszherichiacoli in solution phase.

Research has shown that the size of GNRs influences the ratio of abstoysiiattering

L. 10.1214 For examplethe SGNRs have higher absorption to scattering ratio than that of
theLGNRs, therefore convert more energy to Re4t® and ths makeshe SGNRs better
photothermal agents'®. In addition,the small size gold nanorods have a largerface

area to volume ratio makirthe SGNRs better candidates for drug loading and binding
of biological targets from blood serum or plasthaMoreover,the SGNRs have high
cellular uptakg high clearance rate from the liver, spleen and the kidney, and ease of
subcellular accessibility > 2, The SGNRs are thereforethe ideal agents for
photothermal therapy, diagnastbiosensing and drugs delivefy.

Conversely,the LGNRs have higher ratio of scatigg-to-absorption relativedo the
SGNR$® %, Therefore, the LGNRs are more suitable for dark field imaging applications
because of their strong surface plasmon enhanced scéftétirieurthermore, the LGNR

are more suitable for surface enhanced Raman scattering (SERS) applitations

Moreover, the extension dhe local field from the surface of metal nanoparticles
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increases as the size of the metal nartapes increasés®®?, thus, the LGNRs can be

good candidates for distadependent sensing of analsfe?’.

GNRs can be synthesized by various methods such as tepgbatrochemical, seedless,
seedmediated growth methstl 223, Recently, Ali et af? synthesized small gold
nanorods (1&5 nm in length and-8 nm in diameter) via a seedless growth method by
adjusting the pH, concentration of sodium borohydride (NAaBHand
hexadecyltrimethylammonium bromide (CTAB) respectively. Compared to other
synthetic methodghesilver assistedeedmediated growth method is simpl&sanease

of controling synthesis parameters and ladsgher yield of monodisperse GNR$. Jia

et al* synthesized small gold nanorods with diameter less than 10 nthevseed
mediated method by simultaneously varying both the amount d$ aad CTAB added

to the growth solutions to tune the diameter of the gold nanorods. The SGNRs were coated
with SiO; to prevent particle aggregation. It was found that the SGNRs exhetdiigber
photothermal effect in killing cancer cells compared to tBNRs“. Song et af®
demonstrated thahe SGNRs based vesicles enhanced theasfy of photothermal
therapy of cancer in mice, and improvethe photoacoustic signal at the tumour
microenvironment due to high uptake of the SGNRs vesicles. Shibd’ eleakloped a
photothermal imaging technique basedtba NIR absorption of SGNRs as contrast
agens. The SGNRs displayed distinctive photothermal imaging signal from the cell
mitochondria. The photothermal efteaf bovine serum albumin (BSAoated SGNRs
onthetumor cells was investigated. The SGNRs circulated through thautyroces and
covered the entire turaio microenvironment after intreumoral injection, thus, inducing
astrong photothermal effect of SGNRs on the entire trmegiorf>. Recently, Chang

et all? demonstratethe synthesis of SGNRs by using ascorbic acid and hydroquinone
as reducing agent to tune the longitudinal surface plasmon resonance fra&3080Gm.
However,the synthesis of stable, SGNRs with controlled aspect ratios is vegatkeli

and challenging to achieve?.

GNRs can be functionalized with targeting ligands to increase the sensitivity and
specificity ofthe GNRs based nanoprobes in detecting targets in complesybiems

such asblood plasma; stabilization of the nanostructure to reduce degradation from
nuclease activiy® 241, Previously, Wei et al. reported the synthesis of LGNRa by
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silver assistedseedmediated growth methéd The LGNRs were functionalized with
hairpin DNA (hpDNA) viaa salting proces8. The sensitivity of the LGNRpDNA
nanoprobes in detectingnsyc gene expression in messenger RNA (mRNA) was
demonstrated by the changes in the fluorescence emission interssitiethe
fluorescence lifetimes of the nanopreladter hybridization with the complementary
DNA“*. We reportfor the first timethe functionalization of SGNR with hairpin single
stranded DNA (hpDNA).

In this chapter, we have demonstrated the synthesis of stable SGNRs with controlled
aspect ratios in comparison tiee LGNRs bya silver assisted seadediated growth
method. The SGNRaere functionalized witla Cy5-hpDNA for enhancinghe targeting
abilities of the SGNRs nanoprobes. Therefore, this demonstrates the possibility of
functionalizing the small gold nanorasl with targeting ligands such as aptamer for
photothermal therapy.

3. 2. Experimental section

3. 2. 1. Materials

All chemicals were used as received without further purification. Chloroauric acid
(HAuUCls4, 49%), hexadecyltrimethylammonium bromide (CTAB, 99%), ascorbic acid
(AA), sodium borohydride (NaBk 99.8%), silver niate (AgNQ), dodecanethiol
(DDT, 98%), mercaptohexanoic acid (MHA, 99.8%), acetone (99.9%), isopropanol
(99.5%), toluene (99.8%), methanol, thiolated oligonucleotide and the complementary
oligonucleotide were all purchased from Sigma Aldrich while hydosithacid (HCL)

was purchased from Fluka.

C-myc-Cy5-hpDNA:
5 €y5CTGACTTGGTGAAGCTAACGTTGAGCAAGTCAGAA-(CH2)e-HS-3 6

c DNA : CC3 €AA CGT TAG CTT CAC CAA 3 .6The emyc-hpDNA and cDNA

were purchased from Sigma Aldrich.
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Figure 3.1. A schemeshowing thesynthesis anthe functionalization othe small gold

nanorodswith a hpDNA®®,

3. 2. 2. Synthesisf SGNRs
The influence of seeds and CTAB on the growth of SGNRs was studied by varying the

amount of seeds arttle CTAB in the growth solution as reportédThe seeslsolution

was prepared as reportédlhe growth solutions dhe SGNRs samples ¢S1, GsS,, and

Ges) were prepared by adding HAwG0.01 M; 0.5 ml) toCTAB solutions (0.1 M; 9.0

ml, 8.0 ml, 6.0 ml) respectively. Then, Aghi(®.01 M; 0.1 ml) and HCI (1.0 M; 0.2 ml)

were sequentially added to each solution respectively. Stirring continued until the mixture
turned colourledd. Lastly, 1ml, 2ml and 4ml of the sessblution was added to each
sample respectively and these were then kept at room temperature overnight. The
chemicals used for prepagi=S,, GsS2, and GSsare listed in Table 3.
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Table 31. The list of eagents used to investigate the influence of sead the

concentration of CTAB on the size of SGNRs samples.

Reagents HAuCls | CTAB | NaBHs | AgNOs | HCI A.A Seeds
(0.01M; | (0.1M; | (0.01M; | (0.01M; | (1.0M; | (O.2M; | (mI)
ml) ml) ml) ml) ml) ml)
Seed solution | 0.25 9.75 |0.60 - - - -
Growth | GeS; | 0.50 9.00 |- 0.060 [0.20 |0.08 |1.00
solution
GsS, | 0.50 8.00 |- 0.075 |0.20 |0.08 |1.00
Ge&s | 0.50 9.00 |- 0.090 [0.20 |0.08 |1.00

The recipe of @5 was mdlified by varying the amount of silver ions added in the growth
solution to tune the size tie SGNRs. That is, HAuGl(0.01 M; 0.5 ml) was added &
solution ofCTAB (0.1 M; 9.0 ml) in nine separate samples. Varying anmsefgNOs
(0.01M; 0.150 ml, @35 ml, 0.120 ml, 0.080 ml, 0.065 ml, 0.050 ml, 0.035 ml, 0.025 ml
and 0.020 ml) were added to each growth solution respectively, followed by adding the
same amount of HCI (1.0 M; 0.2 ml) and ascorbic acid (0.1 M; 0.08 ml) under continuous
stirring. Therafter, 1ml of the gold seeds for SGNRs prepared as above was added to
each solution and kept at room temperatwexmight. The samples were ldbe as GS;-

150, GS1-135, GS1-120, GS:-80, 3S:1-65, GS:-50, GS:-35, GS:-25 and GS:-20.

Table 32. listsall the reagents for investigating the influence of silver ions on the size of
SGNRs.
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Table 32. The list of eagents for investigating the influence of silver ions on the size of
SGNRs.

Reagents HAuCIls | CTAB | NaBHs | AgNO3 | HCI AA Seeds
(0.01M; | (0.1M; | (0.01M; | (0.01M; | (1.0M; | (0.2M; | (mlI)
ml) ml) ml) ml) ml) ml)
Seed solution | 0.25 9.75 |0.60 - - - -
Growth | GeS;- | 0.50 9.00 |- 0.150 [0.20 |0.08 |1.00
solution| 150
GoS1- | 0.50 8.00 |- 0.135 [0.20 |0.08 |1.00
135
GoS1- | 0.50 9.00 |- 0.120 [0.20 |0.08 |1.00
120
GoS1- | 0.50 9.00 |- 0.080 [0.20 |0.08 |1.00
80
GoS1- | 0.50 9.00 |- 0.065 [0.20 |0.08 |1.00
65
GoeS1- | 0.50 9.00 |- 0.050 [0.20 |0.08 |1.00
50
GoS:- | 0.50 9.00 |- 0.035 [0.20 |0.08 |1.00
35
GoSs1- | 0.50 9.00 |- 0.025 [0.20 |0.08 |1.00
25
GoS:- | 0.50 9.00 |- 0.020 [0.20 |0.08 |1.00
20

SGNRsand LGNRsof similar surface plasmon resonance were synthesized to investigate
their physical and spectral difference. A sampléhefSGNRs wassynthesized by our
modified silverassisted seadediatecyrowth methoé. The seesisolution was prepared

by adding HAuC (0.01 M; 0.25 ml) to a solution of CTAB (0.1 M; 9.75 ml). Freshly
prepared icecold NaBH; solution (0.01 M; 0.6 ml) was added to the mixture and stirred

with a magnetic stirrer for-3 minutes until the sesdolution turned ta dark brown
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colour. The solution was incubated at room temperature for 2 hours to initigr@wta
of gold seeds before use. The growth solution was prepared by addingH{&.0CIM;
0.5 ml) toa solution ofCTAB (0.1 M; 9 ml) followed by AgN®@(0.01 M; 0.090 ml), HCI
(2.0 M; 0.2 ml) and ascorbic acid (0.1 M, 0.08 ml). After stirring for fewutes, 1.0 ml
of the gold seeds solution was added to the growth solution and kept geropaerature
overnight. Table 3. lists all the chemicals used for synthesis of SGNR.

Table 33. The list of eagents used to prepare geed andthe growth soluions of the
SGNRssample.

Reagenty HAuCls | CTAB | NaBHs | AgNOs | HCI A.A Seeds
(0.01M; | (0.1M; | (0.01M; | (0.01M; | (1.0M; | (0.1M; | (mI)
ml) ml) ml) ml) ml) ml)

Seed 0.25 9.75 |0.60 - - - -

solution

Growth | 0.50 9.00 |- 0.090 |0.20 0.08 1.00

solution

On the other handa sample of th& GNRs was synthesized according treported
protocof? with some adjustments. The ssalution of the LGNRswas prepared by
adding HAuCl} (0.001 M; 2.5 ml) to a solution of CTAB (0.2 M; 7.5 ml). Thereafter, a
freshly prepared iceold NaBH; solution (0.01 M; 0.6 ml) was added to the mixture and
stirred with a magnetic stirrer for2 minutes until the sesdolution turnedto adark

brown colour. The sesdolution was incubated at room temperature for 3 hours before
used. The growth solution was prepared by scaling down (20x) the volume of the
chemicals used for growth solution as follows; HAu@.001 M; 10 n) was added to
CTAB (0.2 M; 10 ml) followed by AgN®(0.004 M; 0.380 ml), ascorbic acid (0.0778M,
0.140 ml) under continuous stirring until the growth solution turned colourless. The
addition of ascorbic acid partially reduced the gold ions frorf? f&auAu*. After stirring

for few minutes, 0.02 ml of the gold seeds were added to the growth solution and kept at
room temperature overnight. The sesdlution acts as a template for growth of nanorod

and reduces Atto AU, Table 34. lists all the chemicals used for sample preparation.
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Table 34. The list of eagent used to prepare trseed andthe growth solutionof the

LGNRs sample.

Reagents HAuCls | CTAB | NaBH: | AgNOz | A.A (0.0778| Seeds
(0.001M; | (0.2M; | (0.01M | (0.004M; | M; ml) (ml)
ml) ml) ; ml) ml)

Seed 2.50 7.50 0.60 - - -

solution

Growth | 10.00 10.00 |- 0.380 0.14 0.02

solution

3. 2. 3. Ligand exchange for small gold nanorods

The CTAB surfactant on the surface of gold nanorods is toxic and coulchpaikect
assembly of hairpin DNA to gold nanorod.
performed to replace the CTAB surfactant wdigand exchangeapproacff. We
performed ligand exchange for two samplethefSGNRs (SGNRandSGNRy) usinga

roundtrip phase transfer ligand exchange protocol previously reported in the litérature

% Specifically, the ligand exchange for SGNRs was performed in two phases.

In phase 1, the CTABBGNRs were centrifuged at 12000 rgar 15 minutes. The
absorption spectrum ofhe CTAB-SGNRs was measured to ascertain the sample
concentration. Therthe SGNRs (1ml) pellets, DDT (1 ml), acetone (4 ml) were mixed
together in the ratio 1:1:4 and shaken to extract the CTAB coated SGNRghieom
aqueous phase tmorganic phase. DDBGNRs pellets of known volume were mixed
with equal volums of acetone and methanol 5 times the volume of EBIENRS in the
ratio 1:1:5 and left undisturbed for at leastBirsfor sedimentation of the nanorodsea
which the nanorods sediments were extracted from the mixture ssubspended in

toluene (1 ml).

In phase 2, toluene (9 ml) was heated imater bathon a hot plate (shown in fig)

unt il t he t é&npwasatatrteaionfed,93t hen MHA (20
toluene solution. After-8 minutes of vigorously stirring the mixture (toluene and MHA),

the SGNRs already 1®uspended in 1 ml of toluene were added to the 9talwéne in
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the heated bath maintained at@®3°C while stirring continued until visible aggregation
was seen within 201 minutes. Then, heating was suspended and the mixture was
allowed to cool for few minute The SGNRsediments were extracted and wakwice

in toluene (2 ml) after which the SGNpellets were resuspended in isopropanol (1 ml)
and centrifuged at 80GPm for 6minutes The supernatant was discarded, but the pellets
of the ligand-exchanged SGNRs were suspended in a TBE (pH 8.5; 5Buffgr to

prevent aggregation.

/;- . Q

Hikpleis & Bhsine

Figure 3.2. The experimental setp for ligand exchangenthe surface oGNRs

3. 2. 4. Functionalization of SGNRs

The SGNRs were functionalized with thated hairpin DNA (hpDNA) labeld with Cy5
according to a previoysrotocof? as described in fig. 8. The hpDNA is composed of

Cy5 | abel | ocated at the 5 @G&GYRATGAATIG t he
GTGAAG CTAACG TTG AGCAAGTCAG-AA-(CH2)eHS-306) . The thiol a
DNA (10°nM, 10pul) was activated with tris (2arboxyethyl) phosphine hydrochloride
(TCEP, 10ul) in 1x TE buffer (pH 8.0.) in the molar ratio TCEP: DNA (100:1)dduce

the disulfide bond of hpDNA. Then TCERhpDNA was placed on a shaker fohdur

at room temperature. Next, the TCEPDNA was mixed with sodium acetate (3 M) and
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ethanol (100%) in the ratio 2: 1: 7 respectively and incubated furtherhimur8 at £C.

After the incubation, the mixture was centrifuged at 1300 for 15 minutesat 4C.

The supernatant was removed and tHieetseof hpDNA were resuspended in 100l of
distilled water. The hpDNA was conjugated wille SGNRs (5 nM) in the molar ratio
400:1 using a previously reported salt aging procédut&*’. That is, each sample
contained the same concentration of hairpin DNA (100000 nMpl)pphosphate buffer
solution (10 mM; 5Qul), Sodium dodecyl sulfate (SDS, 0.02%;8Pand distilled water

(200 pl), 100l of each sample adhe SGNRs (SGNRand SGNR). The samples were
incubated on a shaker over night at room temperature. Salting resumed the following day
with the same saftg solution containing (NaCl, 500 mM, SDS 0.02 %, phosphate buffer,
10 mM). For each tube, @ of the salting solution was added to the mixture hourly for
the first 4hours, followed by 1@l hourly for 3 hours and finally 12/l making a total

of 125ul (100%) per 50l of hpDNA-SGNRs conjugation mixture until the final NaCl
(125 mM) concentration was attained. The salted sample rechamder incubation for
another 16ours at room temperature. The hpDMNAGNRS conjugates were washed 3x
with buffer (Naphosphate buffer pH 7.5, 10 mM and SDS 0.02 %) and another three
times with phosphate ffer (pH 7.5, 10 mM) at 1300@m for 15 mirutesat 4°C to get

rid of unbound reagents. The conjugates were finalguspended in phosphate buffer
(pH 7.5, 10 mM; B pl) for each sample.

3. 2. 5. Hybridization of hpDNA-GNRs nanoprobes with complementary DNA
(cDNA)

Complementary DNA (cDNA) was incubated with hpDM&SNRS nanoprobes in the
ratio 1000:1 for zhours at 37°C for each sample prior to measuring the flgoence

intensity andhelifetime response of the nanoprobes

3. 2. 6. Characterization of gold nanorods and GNRhpDNA nanoprobes

Theextinctionspectra of gold nanorods covering 40000 nm wavelength was measured
with a UV-visible ectrophotometefLambda 2, Perkin Elmer). A scanning electron

microscope (SEM, FEI Quanta FEG 250) was used for morphological characterization of
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the gold nanorods using a 30kV electron beam and bright field/dark field scanning
transmission electron detectors. ImageJ wad tmesize analysisotobtain the average
length anddiameter. Zeta potential of the SGNRs was measured using a Zetasizer Nano
ZS (Malern Panalytical, UK). A mectrofluorometer (Horiba Jobin Yvon Ltd.,
Middlesex, UK) was used to measure the fluorescempeeti of gold nanorods
nanoprobes at 635 nm excitation wavelength.

Time-resolved fluorescence lifetime measurements were conducted before and after
hybridization witha cDNA using the timecorrelated singlghoton counting (TCSPC)
technique with IBH Fluarcube fluorescence lifetime system (Horiba Jobin Yvon IBH
Ltd., Glasgow, UK). This system is equipped with monochromators for excitation and
emission. The excitatiemotorized polarizer was maintained 4tfér both Instrument
Response Function (IRF) antlidrescence decay measurements. While the emission
motorized polarizer was fixed at magic angle (84.during fluorescence decay
measurement to avoid polarization artefact. The nanoprobes were excited with 638nm
pulsed lightemitting diode (NanoLED) souecoperating at measurement range 100 ns
and repetition rate 1 MHzData analysis was performed with DAS6 package.
Fluorescence lifetimes were analyzed by fitting the decay curves toexypdthentias

decay model given in equation 2véhile the averagertie was calculated using equation
2.5.The procedures for fitting the fluorescence demayes are outliretin appendix 4

The fluorescence decay curveSthe nanoprobewere fit to 3exponentiad model to
account for the fluorescence lifetimes arisingnirthe closed andthe opened Cyb
hpDNA andthe gold cores. The fluorescence lifetimetbé gold cores was fixed at 0.5

channel to eliminatéhe scattering contribution to the average fluorescence lifetime.

3. 3. Results and Discussion

3. 3. 1. Influerce of seeds and CTAB on the size of SGNRs

The seeds anthe solution ofCTAB in the growth solution were varied to investigate
their influen@ on the size afhe SGNRs. Fig. 3. shows the UWis extinction spectra

and the SEM images ofthe SGNRs samplesyathesized. The longitudinal surface
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plasmon resonansef the SGNRs (@S, GsS: and GSs) werefound to be 776 nm, 744

nm and 717 nm respectively. Moreoveg33wvas found to be unstable affew days of
synthesis. Fig. 3a shows that the UVis extincton spectrum of €54 transformed from

the initial two surface plasmon resonance peaks to one pealS{fF@fter 24 days of
synthesis, indicating the morphological change tife gold nanorods tahe gold
nanospheres. This illustrates the limitation of bgstsing small gold nanorods by merely
increasing the seeds to groveblution ratio. Table 3. shows the physical dimensions

of GeS1, GsS and GS4 samples. It can be seen tha averagéength ofthe SGNRsis

< 17 nm andhe averagevidth < 6 nm. Beh the length anthe width decreastas the
amount of seeds add#éal the growth solution increasetihe decrease ithe size as the
seed increasedould be due ttheincreased nucleation sites, thus depleting the amount
of gold atoms available to grosach nanord® “8. Similarly, the aspect ratio decreased

as the amount of seeitsthe growth solution increaséecause the length decredées
leading toa blue shifin the longitudinakurface plasmon resonance peaks from 776 nm
to 717 nm. The size distributions of the SGNRs for all the samples are shown in appendix
1 (fig. 1). In addition, the growth yield dhe SGNRs (humber of nanorods / nuentof

total particles) decreas@éwm 69%for GeS; to 12% for GSsas the seeds to CTAB ratio

in the growth solution increased@his could be due tthe insufficient amount othe
CTAB surfactant selectively binding to the sides of each nanorod, thus yielding less
anisotropic growth and generagjinmore nanospheres. It has been demonstrated
previously that more bproducts of nanospheres can be formed than gold nanorods as
the amount of seadolution in tke final growth mixture increasés 4,
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Figure 3.3. The SEMimagesof small gold nanorods prepared by varying the ratio of
growth solution (G) to sesdolution (S); (alUV-vis extinction spectra (b) 45 (c)

GeS and (d) GSa.

Table 35. The sze distribution, longitudinal mode wavelength, and growth yielthef

small gold nanorods at varying seeds to CTAB solution ratios.

Samples | LSPR (nm) | Length (nm) | Diameter (nm)| Yield (%)
GoS1 776 16.3+2.9 6.0+1.4 69
GsS2 744 14.9+2.9 6.0+1.2 51
GeSs 717 13.1+2.8 5.0+1.4 12
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3. 3. 2.Influence of silver ions on the growth of SGNRs

Silver ions are very essential in tuning the aspect ratioghangrowth yields of gold
nanorod¥’. Silver ions form complexes with CTAB to control structural evolution of gold
seeds to rodike shape and improve the yield of nancfod. Fig. 34a depicts the UV

vis extinction spectra taken from the nine samples. It can be seen that the longitudinal
surface plasmon resonance blue shifts from 912 nm to 613 nm asdhetafihesilver

nitrate decreases from 150 ul to 20 yl. A monotonic relationship was found between the
wavelength of the longitudinal surface plasmon modetlaasilver nitrate aslepicted in
fig.3.4b. Table &. shows the average lengiiveragaliameter andheyield of nanorods.

It can be seen that the average length of nanorods blue shifts from about 25 nm to 14 nm
as the silver nitrate decreased from 150 pl to 20 pl; whileatlregagediameter varies
slightly alternating between 6%0 nm. The slver ions were found to promote the
anisotropic growth to a nanorod shape although the specific rtte sifver ions in the
synthesis is still not fully understodti %-°3. Three mechanisms proposed so fafude

the underpotential deposition to favour growth on the longitudinal facets;$peeific
capping to block specific facets and modificatioth&CTAB micelle formation through
silver-bromide integratiorfé *. At higher silver nitrate concentration (> 100 pl), the
average lengths of nanorods were found to fluctuate betwe2s @rh. Nikoobakht and
El-Sayed have shown previously that a new s;géeig. AgClh) with less efficiency could

be formed at higher silver isrtoncentration, thus yielding gold nanorods with reduced
aspect rati®f. Tong et. al. recently found that the control of silver ions on the aspect ratio
of conventional gold nanorods occurs during the symmetry breaking period and the length
of the final nanorods formed is dependent on the available gold atom concetftration
Therefore, the unchanged length at higher silver ions concentration suggdstsetion

of the available gold atoms. These findings are consistent withopsereports on the
growth of large gold nanorotfé“. This demonstrates that silver ions have similar effect
on the longitudinal surface plasmon mode tbe small gold nanorods anthe
conventional gold nanorods. The size distributions of the synthesized SGNRs are
displayed in appendix 1(fig.2). Moreover, high yields of nanorod formation (>85%) were

found for all the nine samples. Fig. 3:Kdisplays the SEM images taken from these nine
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sanples. The dependence of sizeltd SGNRs on the amount of silver ions observed in
this work is in line with previous study d¢he conventional (large) gold nanorgéls

950
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Figure 34. The SEM images of small gold nanorods prepared byimgrthe amount of
silver nitrate in the growth solution; (a) WXs extincton spectra of the samples; (bgt
relationship between the amount of silver nitrate in the growth solution and longitudinal
surface plasmon resonance wavelength. 6&-G50UAgNOs; (d) GSi-135uIAgNGs;

71



(e) GSi-120pIAgNOs; () GoSi-80uIAGNO: (g) GoSi-65pIAgNO:; (h) GoSi-
50UIAGNOs; (i) GoSi-35HIAGNOs; (j) GoSt -25UIAgNOs (K) GoSi1-20UIAgNOs.

Table 36. The sze distribution othewavelength of longitudinal absorpticdheaverge
length,the average diameter arttle nanorod yieldat different amounbf silver nitrate
(AgNOs, 0.01 M).

AgNOs(ul) | LSPR (nm) | Length (nm) | Diameter (nm) | Yield (%)
150 912 25.7+ 5.5 59+11 85.28
135 897 25.0+ 5.6 6.3+1.4 90.95
120 895 24.6x 4.7 5.8+1.0 87.20
80 848 23.3+4.2 57+1.4 97.94
65 813 23.9+ 3.9 6.6x1.1 94.33
50 768 22.8+4.4 55+1.3 92.11
35 724 22.0+ 45 |56%+1.3 98.94
25 688 18.3+ 4.6 52+ 1.3 93.10
20 613 14.2+ 4.0 51+1.5 90.60

3. 3. 3. Physical and spectral feates ofthe SGNRs andthe LGNRs

SGNRs and LGNRs of similar surface plasmon resonance were synthesasilvbey
assisted seed mediated growth method. Physical and spectral feathes3@NRs were
examined in comparison the LGNRs to depict the diffence betwenthe SGNRs and
theLGNRs. Figure &ab. show the SEM of SGNRs and LGNRs respectively. It can be
seen thatthe SGNRs andthe LGNRs are stable and monodispered. The physical
dimensions of the SGNRs atite LGNRs were determined from the SEMages using
ImageJ software. The average length tredaveragavidth ofthe SGNRs are 24.G35.5

nm and 5.961.0 nm respectively, while the average length #drelaveragevidth of the
LGNRs are 46.248.4nm and 11.541.5nm respectively. The size distriloris of L816
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and S817 are shown firg. 3 of appendix 1.The apparent size difference in the two
samples can be attributed to the different ratio of seedrowth solution used in the
synthesi®f theLGNRs andhe SGNRs. Themaller ratio ofthe seedso-growth solution
for the synthesisof LGNRsallows a higher amount of gold atonte grow the seed®
LGNRs, hence thiarger size othe LGNRs compared tthe SGNRs.

In addition,the aging of theseed before addition téhe growth solution could affe¢he
size of synthesized LGNRs and SGNRs. Gold seeds are very important parameter
becausehey providesoft template and nucleation sites for tiggowth of rods shap®
%, The size ofthe gold seeds increases with increasing incubation®tiniéhe seesl
solution of the SGNRs sample was incubated for 2 hours before adding to the growth

solution ofthe SGNRs, whileghe seed solutionfor LGNRs wadncubated fo8 hours.

Furthermore, the pH of the growth solution has been found to affect the sizegofdhe
nanorod formet 8. Therefore, we measured the pH of the growth solutitimedfGNRs
andtheSGNRs befor¢hegold seeds were added respectively with a pH meter (HORIBA
pH meter D51, Kyoto Japan). The pH of the growth solutiortlefLGNRs was foud

to be 3.96 while the pH of the growth solutiontbé SGNRs was 2.86. It has been
reported that, increase in the pHtbé& growth solution reduces the capping strength of
the CTAB making the (110) facet unstable, hence the gold nanorods growia@jeng

et al. reported that increase in the pHh&Efgrowth solution reduces the stability athe
strength othe CTAB capping on the facet (110) of gold nanoseeds, inducing a faster and
awider deposition of gold atoms the other facets including (116xcef®. This could
induce a larger growth afiegold nanorod. However, for the SGNRs, the additiothef
hydrochloric acid (HCI) to the growth solution thfe SGNRs decreases the pH of the
growth solution, favouring stronger CTAB capping on the (11d9tfand thus, restricting
the larger growth of the size tife SGNRs> *°,
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Figure 35. The SEM imags; (a) S817 and (b) L816.

Figure 36. shows the normalized UWs extinction spectra theSGNRs andheLGNRs
measured witla spectrophotometer. It can be seen that the longitudinal surface plasmon
resonance of the SGNRs andhe LGNRs are 817 nm and 81nm respectively. The
SGNRs are denoted by S817 while the LGNRs are denoted by L816. Moreover, the
spectral peak of the longitudinal surface plasmon resonanttee &SGNRs is broader
compared to the spectral peaktibé LGNRs. This is because the SGNRwvddigher

damping due t@ higher surface scatterifftf*.
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Figure 3.6. TheUV-vis extinction spectra of S817 and L816.
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3. 3. 4. Spectroscopic study adhe small gold nanorods based nanoprobes.

The functionalizaéion of gold nanoparticles is important for biological and biomedical
applications, thuthe SGNRs (SGNRand SGNR) were functionalized with CyBpDNA.

The longitudinal surface plasmoasonancef the SGNR. (661nm) was matched with
the fluorescence ens®n of Cy5 (665nm), while the longitudinal surface plasmon
resonancef the SGNR. (857 nm) was tuned away from thmigsion of Cy5 as shown
fig. 3.7. The average dimensionstbe SGNR andthe SGNR are13.1 £ 2.1 nm by 4.9 +
1.0 nm and 20.6 £ 4.7 nm By7+ 1.1 nm respectively.
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Figure 3.7. The overlap of emissioof Cy5with theextinctionspectra othe SGNR and

the SGNR.

The U\-vis extinction spectra othe SGNR and the SGNR, before and after ligand
exchange are showigf 38ab resgctively. It can be seen that the longitudinal surface
plasmon resonance bandsloé SGNR andthe SGNR: blue shifted to 653 nm and 839nm
respectively without significant broadening after the ligand exchange process, due to the
shortening of the length &GNR: and SGNRafter ligand exchand# Prior totheligand
exchange, zeta potential measurement show that the surface chérg&sGNR was
25.7£2.7 mV, while the surface chargetlod SGNR was 36.0+1.1 mV. Aftetheligand
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exchange, the surface chargetlsd SGNR was-12.9+0.3 mV, whilghat ofthe SGNR.
was-20.1+6.7 mV indicating the replacement of CTAB by MHA.
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Figure 3.8. TheUV-vis extinction spectra dhe SGNR. andthe SGNR: before and after

ligand exchange.

A typical extinction spectrurof the small gold nanorodsSGNR) functionalized with
Cy5-hpDNA is shown irfigure 39. It was found thathe longitudind surface plasmon
resonance ahe SGNR was 654 nm whiléhe SGNR was 851 nm after functionalization.
A peak was found at 260 nm representing the absorption peak of hpDNA. Upitonadd
of a cDNAto the SGNR-Cy5-hpDNA andthe SGNR-Cy5-hpDNA, the intensy of the
absorption peak of both nanoprobes increased. Theh@9BIA functionalized small

gold nanorods were stable with no visible sign of aggregation.
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Figure 3.9. A typical UV-vis extinction spectrurof the small gold nanorods (SGNR
functionalized with CyShpDNA.

The performance of the SGNRs based nanoprobes was evaluated by hybridizing the
nangrobes with a cDNAn the molar ratio 1000:1 (cDNA to SGNR®/5-hpDNA). The
hybridization ofthe cDNA with the SGNR-Cy5-hpDNA andthe SGNR-Cy5-hpDNA

opens the hairpin structure, separating Cy5 from the gold surface. Thus, the Cy5
fluorophore is switched from its initial dark state (quenched) to an opened bright state
(emission). The fluorescence emission spectra taken from both samples béfafieian
hybridization are presented in fig.1Bab. The emission wavelength of both nanoprobes
(SGNR-Cy5-hpDNA and that of SGNRCy5-hpDNA) was found centred at 665 nm. A
significant increase in the fluorescence intensity in the preserm@DMA is ap@rent in

both cases, indicating the successful assembtiileo€y5-hpDNA ontothe SGNRs. A

larger fluorescence increase (1.8 fold) was observedthierSGNR-Cy5-hpDNA
nanoprobe where the longitudinal surface plasmon resonance overlaps the emission of
the Cy5 fluorophore andhe excitation wavelength. On the other hand, a smaller
fluorescence increase (1.4 fold) was observedHelISGNR-Cy5-hpDNA nanoprobe
because the longitudinal surface plasmon resonance is away from the emission of Cy5
andtheexcitaton wavelength. The overlap of the longitudinal surface plasmon resonance
of the SGNR-Cy5-hpDNA nanoprobe with the emissiontbe Cy5 fluorophore anthe
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excitation wavelength inducedaster andan efficient fluorescence emission ratetbé
SGNR-Cy5-hpDNA nanoprobe compared the SGNR-Cy5-hpDNA nanoprob?,

hence the higher fluorescence intensitytitd SGNR-Cy5-hpDNA nanoprobe. It has

been demonstted previously that the fluorescence emission of a fluorophore is
significantly enhanced when the fluoroph
field?®,
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Figure 3.10. The fluorescence emission spectratod small gold nanorods nanoprobes.
(&) SGNR-Cy5-hpDNA nanoprobe and (b) SGMRyY5-hpDNA nanoprobe with/out
cDNA.

The fluorescence decay curves of the SGER5-hpDNA nanoprobe and SGNRy5-

hpDNA nanoprobeare presented in figure 3.1ivhile the fittings of the fluorescence
decays of SGNRCy5-hpDNA nanoprobe and SGNRy5-hpDNA nanoprobe are
presented in figure &f appendix 50bviously, the fluorescence decays of the SGNR
Cy5-hpDNA nanoprobe and the SGMRY5-hpDNA nanoprobe after hybridization are
longer than those before hybridization indicating the binding of the nanoprobes with the
target. Table 37. shovs the fluorescence lifetime componentth&fSGNRs nanoprobes.

The short andhe long fluorescence lifetimes dfie Cy5 fluorophoredenoted by and
Grespectively The fluorescence | if et izaneesfromom g
the detection ofscattered excitation whilg[represents the average lifetim€he

fluorescence lifetime of the free Cy5 fluorophore has been reported to be approximately

78



1.8n§%. Thesubn a n 0 s e ¢ o0 n tbanlbe attributed wneCy5 ndar the gold surface

in a closed hairpin structuf&%. The | onger naisesfoettteGydbd | i f
in an opened hairpin that is relaly away from the gold surface. Prior tbhe
hybridization, it can be seen that the average fluorescence lifetiime@y5 fluorophore

from the SGNR-Cy5-hpDNA nanoprobe (0.62 ns) is shorter than thfathe SGNR-
Cy5-hpDNA nanoprobe (0.82 ns). Previcsisidies have shown thahergy transfer is
stronger when the longitudinal modetlé metal nanoprobe matches the emissiotinef
fluorophore andhe excitation wavelength due tafaster fluorescence emission rate,
hence, the shorter average fluorescdifeeme of the SGNR-Cy5-hpDNA nanoprobe
compared tothe SGNR-Cy5-hpDNA nanoprob® ©. After the hybridization, the
averge lifetime of SGNR-Cy5-hpDNA nanoprobe increased to 0.90 ns, whilat of
SGNR-Cy5-hpDNA nanoprobe increased to 1.16 ns indicating the bindinthef
SGNR-Cy5-hpDNA andthe SGNR-Cy5-hpDNA nanoprobes with the target. The
increase otheaverage lifetne of both nanoprobes upon hybridization is consistent with
the steady state measurement, confirming the hybridization of the nanoprobe with the
targeted DNA.

In comparison, the fluorescence lifetimes of both SGRKS-hpDNA and SGNRCy5
hpDNA nanoprobe# the closed state are shorter relative to the lifetime of free Cy5
fluorophore. This is due to the stronger energy transfer th@®y5 fluorophore tdahe

gold nanorods surface leading shorter fluorescencéifetimes of the nanoprobes
compared tahefree Cy5 fluorophore. Moreover, the local field around the SGEIS-
hpDNA andthe SGNR-Cy5-hpDNA nanoprobes is significantghhanced, therefore the
fluorescence emission rate thie Cy5 fluorophore attached to the nanoprobes is faster
and very efficientleading to shorter fluorescence lifetirfles These findings
demonstrates the potential dfie SGNRs based nanoprobes in detecting targets.
Furthermorethe synthesis and functionalization approach reported here can be used to
develop functional small gold nanorodased nanoprobder fluorescence biosensing,

targeted deliverpf drugsand photothermal therapy.
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Figure 3.11.The fuorescace decay curves; (a) SGN&nd (b) SGNRnanoprobes.

Table 37. The fluorescence lifetimes ofhe SGNRs nanoprobes

before and after

hybridization withthe cDNA.
Sample | U (ns) B | U(ns) B> 3 |[Bs 7 &
(%) (%) | (ns) | (%) | (ns)

SGNR-- |0.21°0.016 | 8.24 | 1.190.018 | 6.24 | 0.01 | 85.52 | 0.62 | 1.03
hpDNA

SGNR- [0.38°0.031 [ 9.65 | 1.240.017 | 14.39 | 0.01 | 75.96 | 0.90 | 1.00
hpDNA-

cDNA

SGNR- |0.25°0.015 | 6.23 | 1.270.015 | 7.77 |0.01 | 86.00 | 0.82 | 1.01
hpDNA

SGNR- |0.530.047 | 7.47 | 1.440.015 | 16.86 | 0.01 | 75.67 | 1.16 | 0.93
hpDNA-

cDNA

3. 4. Conclusion
We have demonstratéigde synthesis of SGNRs with taiole longitudinal surface plasmon

resonance from 613 nm to 912 nm by the sissisted seeshediatedgrowth method.
The bandwidth ofhelongitudinal absorption peak of SGNRs is broader than thiieof

LGNRs. It was found that a decrease in the amount of silver ions in the growth solution
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decreases the length of SGNRs. Moreotte#, SGNRs were functiotiaed with a Cy5
labded thiol modified hpDNA. Significant changes in the fluorescence intensities and
the lifetimes of nanoprobes upon hybridization witte cDNA indicate the successful
functionalization ofthe SGNRs withthe Cy5-hpDNA and the capabiiitof the SGNRs
based nanoprobes detecing potential targets such as mRNA, microRNA and ssDNA.
Fluorescence intensity measurements show an enhanced signal/background ratio when
the longitudinal surface plasmon resonancetldd SGNRs overlaps the emission
wavelength of Cy5 fluorophore aride excitation wavelength, manifesting the surface
plasmon enhanced energy transfed ahbenefit to the optical tability of the SGNRs
nanoprobes. The overlap of the longitudinal surface plasmon resonatm®=SEGNRs

with the emission of Cy5 fluorophore ati excitation wavelength inducedaster and
anefficient fluorescence emission ratetloé Cy5 fluorophore leading tashorteraverage
lifetime relative tothe average lifetime dfee Cy5 fluorophore. The syrghis andhe
functionalization methods reported in this work should shine light on further development
of functionalized SGNRs for applications in biomedical sensing, ddegjvery and

photothermal therapy.
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Chapter 4

Characterization of the optical properties andthe photothermal effects of gold

nanorods

4. 1. Introduction

Gold nanorods (GNRs) have attracted great attention because of their excellent physical
and chemical properties and these properties have been exploited for biomedical
applications such as bgensing, ell imaging, remote release of drugs and photothermal
therapy of cancéP. GNRs have longer period (~17 hours) of circulation in the blood than
other gold nanopatrticles (nanospheres, nanoshells and nanocagedhdueanisotropic

shapé”.

GNRs can be exciteffom the visible to the near infrared (NIR) wavelengthysa
continuoudaser illuminatiori®. The excited free electrsinthegold nanorods ositate
coherently in resonance withe incident light leading to strong absorption and scattering
of light fromthevisible tothenear infrared wavelengtlus the electromagnetic spectrum
wherethe biological tissue transmissiafficiency is very high°. Thesurface plasmon
resonanc€SPR effect of GNRs enhancedight absorption and scattering efficiency a

million times more intense thaheorganic dyes (e.g. indocyanine green aorppyins)
1,7 10

In comparison, GNRs have superiproperties thanother gold nanoparticles of
comparable siz&. For example, the extinction cressction ofthe GNRs is around-3
times higher thathat ofthegold nanosphere artdegold nanoshells of comparable dize
1 Gold nanorods have been found to generate heat ~6 times fastethé¢hgmid
narosphere$ 2. In addition the longitudinal absorption band thie GNRs can be tuned
to thenear infrared wavelengths, while the absorption banthefold nanosphesas
limited to the visible wavelengths, makitite GNRs a better candidate for biomedical
applications in the near infraredf the electromagnetic spectrimAlthough the
absorpton band of gold nanoshells can be tunethemear infrared wavelengths, they

are much largein size (106200 nm) compared tthe GNRS/, thus, limiting their
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possibility of crossing biological barriers. These excellent attributetheofGNRs
informed tle choice of GNRs for this study to gain further insight into the optical
absorption and scattering properties of GNRs and their photothermas éffegtimize

their performance in biomedical applications.

Large gold nanorodd. GNRs) with > 10 nmin diameer have higher extinction cross
sections than that dhe small gold nanorod (SGNRs)ith < 10 nmin diameteras
predicted by the Gans modecause the LGNRs haa¢arger particle volume compared
to the SGNRs . In fact,the LGNRs havea higher scattering crossection compared
tothe SGNRs! !t 315 thus are good contrast agefar biological imaging. On the other
hand, the optical properties tife SGNRs are absorption dominérit, thus the SGNRs
are more suitable for photothermal applications. Optical absorption in GNRs triggers the
generation of thermal energy liye GNRs viaa nonradiative proces&’’. That is, the
free electronsn gold nanoodsbecome excited following laser illuminatioBy means
of a rapid phase loss in femtosecdndse excited electrons collide with neighbouring
electrons via electrealectron interactions leading to hot electrons with a temperature as
high as 1000K¥ " 8 The hot electrons transmit their heat energy to the plsovian
electronphonon interactions in about ©150ps, heating up the lattice with rising
temperature of about tens of degfeésThe lattice dissipasethe heat energy to the
surrounding medium via phongrhonon relaxation in about 108ps%6 1°, The heat of
the surroundingmediumof the GNRs can begloited for photothermal treatment of
cancef. The ability of GNRs to convert the absorbed photons to heatllsd
photothermal conversion efficiency. The photothermal conversitme@NRs depends
on the size and shape thie GNRS® 2, therefore it is important to selezsuitable size
and shape ahe GNRs for optimal photothermal applicatiéhdt has been established
that the efficiency of photothermal conversion decreasestigtincreaseof the size of

GNRs because of strong scattering efassociated witthelarger size gold nanorotfs
21

The photothermal effegbf the LGNRs in waterand biological medfa®> Z have been
studied previously. In water for example, Cong et al. have demonstrated that by increasing
the power density of laser irradiation, the temperatura @inventional gold nanorod

suspension rises quickly ancetBhape ofhegold nanorods could be deformedusing
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the disappearance dhe longitudinal surface plasmon resonafice GNRs based

nanoprobes have been found to destroy tumours in mice via the photothermal*grocess
24

Moreover,the artificial hydrogels andhe biological hydrogels exhib similar optical
characteristics abeinterstitial tissue$28 and can therefore hesed as model systems to
study the photothermal effect of gold nanorods. Previous studies found the changes of
opto-electronc properties of gold nanopatrticles in these model systems. It has been
shown that the surface plasmon resonan@egoild nanosphere is red shifted in agarose

gel due to the change of environmental refractive index and nanoparticle aggrégation
The effect of plasmon resonance excitation, laser density and particle comnermna

the local temperature @fcolloid of LGNRs hasbeen investigatéi 2 *. Howe\er, to

the best of our knowledge, the photothermal effecthefdifferent size of GNRs in

hydrogels has not been investigated.

This chapter focuses on the study of the optical propertiethamphotothermal effects

of the small gold nanorods in water giagarose hydrogel in comparison witte large

gold nanorods. Theoretical calculations were performed to estimate the optical properties
of the SGNRs andthe LGNRs, and the influence dhe optical properties on the
photothermal effest Moreover, expemental study revealed the influence of surface
plasmon resonance, sizetbe GNRs and the surrounding medium on the photothermal
effect.

4. 2. Experimental section
4. 2. 1. Materials

All chemicals were used as received without further purificationo@hlric acid
(HAuUCl4, 49%), hexadecyltrimethylammonium bromide (CTAB, 99%), ascorbic acid
(AA), sodium borohydride (NaBkK 99.8%), silver nitrate (AgN¢§) and @arose gel were

all purchased from Sigma Aldrich while hydrochloric acid (HCI) was purchased fro
Fluka.
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4. 2. 2. Synthesis of gold nanorods

Both the LGNRs andthe SGNRs were synthesized by different sitessisted seed
mediated growth methods. The LGNRs were synthesized according to a reported
protocof! with some adjustments. The seetlution for the LGNR was prepared by
adding HAuC} (0.001 M; 2.5 ml) to a solution tie CTAB (0.2 M; 7.5 ml). Thereatfter,

a freshly prepad icecold NaBH; solution (0.01 M; 0.6 ml) was added to the mixture
and stirred with a magnetic stirrer for32minutes until the sesdolution turned dark
brown colour. The sesdolution was incubated at room temperature for 3 hours before
being usedThe growth solution was prepared by scaling down (20x) the volume of the
chemicals used fahegrowth solution as follows; HAu@(0.001 M; 10.0 ml) was added

to the solution of CTAB (0.2 M; 10.0 ml) in three separate samples. To each solution,
varying anount of AgNOs (0.004 M; 0.158 ml, 0.200 ml and 0.380 ml) were added
respectively, follow by ascorbic acid (0.0778 M; 0.140 ml). After stirring for few tagu
0.020 ml of the gold seedsolution were added to each solution and kept at room

temperature eernight. Table 4. lists all the chemicals used for sample preparation.
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Table 41. The list of eagent used to preparthe seed andthe growth solutionof the
LGNRs.

Reagents HAuCls | CTAB | NaBHs | AgNOs A.A Seeds
(0.001M; | (0.2M; | (0.01M; | (0.04M; | (0.0778M; | (ml)
ml) ml) ml) ml) ml)
Seed solution 2.50 7.50 0.60 - - -
Growth 10.00 10.00 |- 0.158 0.14 0.02
solution LGNR-
158
LGNR- | 10.00 10.00 |- 0.200 0.14 0.02
200
LGNR- | 10.00 10.00 |- 0.380 0.14 0.02
380

The SGNRs were synthesized by our rfiedisilverassisted seed growth methddhe

seed solution was prepared and incubated as reported in chapter 3. The growth solution
was prepared by adding HAuGD.01 M; 0.5 ml) tathe solution of CTAB (0.1 M; 9.0

ml) in three separate samples. Toheaolution, varying amousiof AGNOs (0.01 M;

0.060 ml, 0.075 ml and 0.090 ml) were added respectively, followed by adding the same
amount of HCI (1.0 M; 0.2 ml) and ascorbic acid (0.1 M; 0.08 ml). After stirring for few
minutes, 1Iml of the gold seeds sdgion was added to each solution and kept at room

temperature overnight. Table?4lists all the chemicals used for sample preparation.
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Table 42. The list of eagents used to prepdafes seed and growth solutionsf the
SGNRs.

Reagents HAuCls | CTAB | NaBHs | AQNO3z | HCI AA Seeds
(0.0M; | (0.1M; | (0.01M; | (0.01M; | (1.0M; | (0.1M; | (mI)
ml) ml) ml) ml) ml) ml)

Seed solution | 0.25 9.75 0.60 - - - -

Growth | GoS;- | 0.50 9.00 - 0.060 0.20 0.08 1.00
solution| 60
GoSsi- | 0.50 9.00 - 0.075 0.20 0.08 1.00
75
GoSsi- | 0.50 9.00 - 0.090 0.20 0.08 1.00
90

4. 2. 3. Sample preparation and experimental setting for photothermal study in

water

The synthesized LGNRs and SGNRs were centrifuged at room temperature at 13000 rpm
for 15 minutes to purify the GNRs. The pellets of the l6Rs were suspended in 3.3

ml of water in a transparent plastic cuvette (1 cm path length) to measure the extinction
usingaUV-vis gpectrophotometer. The pellets of GNRs were added to thel &f3vater

until the extinction was raised t@n optical dendy of 0.99. The entire mixture was
emptied into a glass cuvette (4.2x1.2 cm) mounted on a magnetic stirring plate for
excitation. The room temperature of CTAB stabilized LGNRs and SGNRs was®9.80

and these were excited both-@sonance and ofesonageat 715 nm, 750 nm and 800

nm using a femtosecdnTi: Sapphire continuousave laser (Chameleon, Coherent,
Santa Clara, Californidpr 16 minutes. A magnetic stirrer and a thermocouple (Omega,
HH804) were both inserted into the glass cuvette to ensuf@m distribution of heat

and record the temperature rise respectively. The deptieofh e r mocoupl e 6 s |

maintained at the same position 1.4 ftcom the top of the cuvetfer each measurement
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The excitation beam was propagated perpendicol#retglass cuvette containioglloid
of SGNRs and LGNRs. Aabherent laser power meter (FieldMawas used to measure
the incident power density. The experimental set up for photoexcitatidimeajold

nanorods is shown in figure 4. 1.

1 2
1. Coherent Laser
2. Beam splitter
3. Switch
4. Optical I ens box
5. Opti cal mirror

Figure 4. 1.The eperimental set up for laser excitation of gold nanorods.

4. 2. 4. Sample preparation for photothermal effect study in agarose gel

The longitudinal surface plasmon resonance (LSPR) of the LGNRs in TBE -buffer

agarose gel and watagarse gel of varying concetiion was studied. Firsthggarose
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powder(2.5%, 0.5gwas dissolved i20ml of TBE buffer and wateas stocks of agarose
gel respectivelyat 70°C andallowed to cool a1 °C-22 °C. Then gpropriate volumes
of TBE buffer and wier were added to dilute the respective stakagarose gel into
varying concentrations rangirigpm 0.3%- 2.5%.The LGNRs werg¢hendispersed into
the different concentrations ofBE buffer and water agarose gefhile the extinction
was measured at aptical density of 0.4..0.

The concentration of agarose gel commonly used for biological applications ranges from
0.5% - 29%*. This is because agarosel g@ssesses physicochemical characteristics
similar to the cellular cytoplasm anthe biological fluids in this rang®. Thus, 0.7%
concentration of garose gel was choseng#ose (0.7%, 0.14g) powder was dissolved

in 20 ml of TBE buffer at 70C and allowed to cool at room temperature. Thenn8.3

of agarose gel were placed i@lastic cuvette. The pelletstbE LGNR andthe SGNR

were cast into the 3.8l of agarose gel while the Uwis extinction spectra were
measured until the extinction was raise@tmptical densityof 0.99. Thereatfter, the 3.3

ml of agarosegold nanords mixture were transferred to a glass cuvette and excited under

similar experimental conditions as described in section 4. 2. 3.

4. 3. Optical characterization of gold nanorods

The extinction spectra of the GNRs samples were measured with @isUV
spectrophotometer (Lambda 2, Perkin Elmer). The sizeth®f. GNRs andthe SGNRs
were determined by linear fitting to a standard calibration curve of gold nanorods
reported in literatufg!* 1 31 The standardatibration curve ofthe LGNRs andthe

SGNRs derived from reported GNRs samplesshmvn in figure 1 and 2 @ppendix 2.

4. 4. Theoretical background

The ability of gold nanorods to absorb and scatter incident light is determined by their
absorption andgcattering crossections respectively. Theoretically, the absorption and

scattering cross ect i ons of gol d nanor odwdelcThen be
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absorption cross e ¢ t ingooha siagle gold nanorod randomly polarized can be written

a§, 34-35.

p
- = RX
¢ BRe b
A 188
ol p b
Re2 TR& ReR
while the scattering cross e ¢ t icgoohasiigle gold nanorod can be wen as*:
°G Rg ¢ R
PR TRafe P Re RS RB &8
o B, p B, °

e —p—fe R

where all the symbols have their usual meaning. Localised surface plasmon resonance
in gold nanorodecaursif the resonance condition displayed in equafidhis

satisfied. The equation 1.@an be rewritten as:

0° — P 138

where B is the depolarization factor along the axes of gold nanorods at surface plasmon

resonance.

4. 5. Resultsand Discussion

4. 5.1. The contribution of the simulated &sorption crosssectian, scattering cross

section tothe extinction crosssectionof GNRs

The absorption and scattering creestions othe GNRs can be defined as the surface
area upon whictthe GNRs either absorb or scatter incident [hThe absorption and
scattering crossections ofa single gold nanorod wasomputed for wavelengths of
incident light between 70850 nm to accommodate the LSPR of the synthesized GNRs.

A single gold nanorodavas considered for this stuthgcause the number density of the

96



SGNRsand the LGNRs with the same O.D. varies as demonstrated in table 4.5.
Therefore, inclusion of the number densityled GNRswill not give a correct estimation

of the absorption and scattering crgestions ofa single SGNR andLGNR of
comparable aspecttio, hence the consideration afsingle SGNR and LGNR for

computation.

By considering thesingle gold nanood suspendeth waterwhoserefractive indexis
1.332 and assuming the polarizationtbe single gold nanoraw beoriented along the
longitudinal axis, the absorption andadtering crossections of GNRs (SGNRs and
LGNRs of comparable LSPR) of different aspect rattese computed using equations
4.1. and4.2. respectively. Figurel.2a-c shovs the absorption cross e ¢ t kwdy the ( 0
scatter n g ¢ d9oasdshe déxtinction cross e ¢ t ixjospectra otthe small gold
nanorod SGNRS3. It is clear that thextinction crosssection of the SGNRs dominated

by absorption crossection.
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Figure 4.2.The absorption, scattering and egtion crosssections of SGNRs; (a) S720,
(b) S754 and (c) S817.
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Figure 43a-c display the absorption, scattering and extinction cresstions ofthe
LGNRs. It can be seen that the calculated extinction spectra of sample L719, L755 and
L816 matched welwith their experimental spectra (fig.4t). The absorption cross
sections of L719, L755 and L816 are larger than their scattering-£eoens as
previously observed frorthe SGNRs. However, the contribution of scattering cross
section to the extinin crosssection is seen to increase as the particle size increases in
the LGNRs regime, significantly larger than that frtme SGNRs. This is due to the
larger volume ofthe LGNRs compared tthe SGNRs. This finding is in agreement with

previous reports™ 5,
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Figure 4.3 The dsorption, scattering and extinction creextions of LGNRs; (a) L719,
(b) L755 and (c) L816.
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4. 5. 2. The extinctionspectra of GNRs determined bythe experimental and the

simulation study

The SGNRs and LGNRs of comparable ESRere synthesized arlde position of their

LSPR determined by experimewas comparedvith that obtained by simulatiofhe

UV-vis extinction spectra in fig. 4.4. discletbe longitudinal absorption barmd three

SGNRs samples centred at 720 nm, 754 nm and 817 , while the LGNRs are centred at
719 nm, 755 nm and 816 nm respectively. The samples were denoted as S720, S754,
S817, L719, L755 and L816. The decision of tuning the longitudinal surface plasmon
resonance (LSPR) of GNRs to the ngdraredof the electromagnetic spectruistems

from the fact that tissue transmission is high in the biologicaspaency window (650
nm-950 nmY' 36, It can be seen thdie extinction spectra of ttf@GNRssamplegS720,

S754 and S817) and LGNRs (L719, L755 and L816) determined by experimental study
mat ched wel |l wi t h nmoded(fig. 4@a v d.4bcandeddic ve #.4d)Ga n s
Furthermore, the peaks of the simula&dinction spectra of SGNRs and LGNRs
indicated that the extinction cresection is enhanced at the longitudinal surface plasmon
resonance wavelength. It can be observed further that the extinctiorsectiss of both

the SGNRs andhe LGNRs increases ahesize of particlesincreases as predicted by

Ga n s 0 . This findirig is also consistent withe previous experimental studiés

Table 4.3. shows the average length #mechverage width of SGNRs and LGNRs.
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Table 4.3.The longitudnal absorption, average length, ahdaverage width of SGNRs
and LGNRs.

Samples | LSPR Length Width (nm)
(nm) (nm)

S720 720 19.74.3 55°1.3
S754 754 20945 |56°1.3
S817 817 24.06.5 6.0°1.0
L719 719 41.1°6.8 11.22.2
L755 755 445 7.1 11.422.0
L816 816 46.28.4 11.515

Figure 4.5. compares the extinction crgsstions ofthe SGNRs andthe LGNRs
respectively at three plasmon resonance wavelengginsely 720 nm, 755 nm and 816

nm. It can be seen that the extinction cresstion of botlihe SGNRs andtheLGNRS is
enhanced when the wavelength of incident light matches the longitudinal surface plasmon
resonance of thgold nanorodswhile at norplasmon resonance excitation the optical

extinction efficiency of GNRs$s very weak du¢o areduced fild at the metal surfaéée
38
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Figure 4.5. The «tinction crosssectiors of SGNRs and LGNRs at plasmon resonance

and norplasmon resonance excitation wavelesgth

Displayed in figure 4. is the scatteringp-absorption ratio ahe SGNRs andhe LGNRs

at the three plasmon resonance wavelengths. We found that the ratio of settering
absorption increases as the size of the gold nanorods increases and the ratio of scattering
to-absorption ofhe LGNRs is highe compared téhe SGNRs as previously reported

39 Moreover, the ratio of scatterisig-absorption decreases as the excitation wavelength
increases. This is because the ratio of scatteaaipsorption is igersely propotional to

&° (dividing equatior4.2. with equatiord.1).
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Figure 4.6. The atio of scatteringo-absorption of SGNRs and LGNRs at plasmon

resonance wavelengths.

Figure 4. 7 shows the ratio of absorptida-extinction ofthe SGNRs andhe LGNRs at

the plasmon resonance wavelengths. It can be observed that the ratio of abgofption
extinction of GNRs increases as thiegeof the gold nanoroddecreases and the ratio of
absorptiorto-extinction of SGNRs is higher than thattbk LGNRs due ¢ a reduced
scatteringeffect as the sizeof the gold nanorodslecreases. Moreover, the ratio of
absorptiorto-extinction of the SGNRs andthe LGNRs slightly increases as the

wavelength of incident light increases.
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Figure 4.7. The iatio of absorptiorio-extinction crosssections of SGNRs and LGNRs at

plasmon resonance wavelengths.

4. 5. 3 Molar extinction coefficients of GNRs

The extinction crossectiors of the GNRs were converted to their molar extinction

coefficients () using equatiod.4 given a$:
5 = 3.28)2 x 10 4.4.

where o i s t hsectiomxctdiohtietgdldonanorads and is the molar
extinction coefficient (motcm?) of the gold nanorods. Table 4. dsplays the molar
extinction coefficierd of the SGNRs andhe LGNRs at three excitation wavelengz0

nm, 755 nm and 816 nm
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Table 44. The nolar extinction coefficients of gold nanorods at longitudinal surface

plasmon resonance wavelengjith watetr

Excitation | Molar extinction coefficient)) (molicn?)
wavelength

S720 | S754 | S817 L719 | L755 L816
(nm)
720 8.43F | 1.96F | 4.48F |7.57FP | 1.75FP | 3.93F
755 1.37E | 1.00P | 1.16F¢ |1.18F | 9.50F | 9.48F
816 2.30E | 7.02F | 1.44F |2.03F|6.81F | 1.10E°

4. 5. 4 Photothermal effect
4. 5.4. 1. Photothermal conversion efficiency of GNRs

The photothermal conversion efficiency thfe gold nanorods has been shown to be

dependent on the optical properties of gold nandPod@&eoretically, the photothermal
conversion efficiencyS of the GNRs can be expressed as the ratio of absorfption

extinction crosssections given &%
s — 38

wheeA  and r are the absorption and extinction crssstions othe gold nanorods
respectively. The photothermal conversion efficienofehe GNRs are displayed in fig.

4.8. It is clear that the photothermal conversion efficiency depends sizthef thegold
nanorodsthe SGNRs have higher photothermal conversion efficiency thabhGNRs
because the ratio of absorptitmextinction ofthe SGNRs is higher compared to the
LGNRs. This finding is consistent witlthe previous experimental studié “°.
Furthermorethe photothermal conversion efficiency is nogrsficantly altered by the
particle size in the regime of SGNRs. However, there ppament decrease in the
photothermal conversion efficiency as the particle size increases in the LGNRs regime,

consistent withthe previous report$®2: ©, Moreover, the photothermal conversion
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efficiency ofthe SGNRs andheLGNRs is less dependent on the wavelength of incident
light %,

100
AN 98 mS720
— 096 mS754

m S817

L719
mL755
=816

G o4

92

90

Ex: EXx: Ex:
720nm  755nm 816nm

Figure 4. 8 The photothermal conversion efficiencie$ the SGNRs andhe LGNRs at

three plasmon resonance wavelengths.

4.5 .4 2. Heat generation viaa photothermal process ofGNRs

Laserlight of aselected wavelength can be useéxoite GNRs. The heat generated by

theGNRs, Q, correlates theabsorption cross section’ds
A — TH3

where A is the absorption cross section @rof the GNRs,. is the number density

of the GNRs(cm®), ) is laser power density (W/@nand6 is the volume (cr) of the

GNRs solutionThe absorption crossections were calculatedthe LSPR of SGNRs and
LGNRs respectivelywhile the optical density (O.D.) of 0.99 was measured with a
spectrophotometer and this was used to deterthmie@ anor ods 6 concent
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equation 2.1. Thushe number density of particlesascalculatedoy equation 4..7given
as:
#Op 1 1§38

whereNNi s t he Avog agr60z®s 16eMoint)sa isitmetcongemration of
theGNRsinMollcnidet er mi ned from Beero6s | aw. The
Q was2.74+0.16W/crhat 715 nm, 750 nm and 800 nm laser wavelengibgectively,

while the volume ofhe SGNRs andhe LGNRs solution was 3.3 cin

Table 45. listsUaps N, and V ued to calculate Q. Figure 4. $hows the heat generated
by a colloid of the SGNRs andhe LGNRs at 715 nm, 750 nm and 800 nm. It can be
observed that heat generation is enhanced when the excitation wavelength matches the
longitudinal surface plasmon wavelengththe GNRs This is because light absorption
by boththe SGNRs andhe LGNRs is significantly enhanced at the surface plasmon
resonace® 3738 Moreover, the heat generatedtbg SGNRSs is slightly higher compared
to the heat generated bye LGNRs. Based orfGan® model, we found thahe ratio of
absorptiorto-extinction(fig. 4.7.) of theSGNRs is higher than that tife LGNRsleading

to a higher photothermal conversion thle SGNRs asdemonstrated in figure 4.8hus,
thehigher photothermal conversiontbe SGNRs result a higher photothermal energy
of the SGNRs in contrast to that tfie LGNRs.Moreover, the number density tife
SGNRs are slightly larger than thattbé LGNRs in the solutionsvith the same optical
density (O.D.; 0.99).
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Figure 49. The reat generated by colloid of SGNRs and LGNRs illuminated at 715
nm, 750 nm ath 800 nm.

Table 45. Thelist of the parameters for calculatinpe heat generation dhe SGNRs
and the LGNRs. The absorption crosection ofthe SGNRs andthe LGNRs was
calculated at their LSPR.

Sample S720 S754 S817 L719 L755 L816

ﬁabs( Sz)n 3.20E* | 3.79E* | 5.46E* | 2.73E° | 3.40E3 3.96E3
C 1.17 0.99 0.688 0.131 0.104 0.090
( mo 13y

(x102%)

N (3%) I 7.05E* | 5.96E* | 4.14E* | 7.89E° | 6.26E° 5.42E°
V (3}; n 3.30E2 | 3.30E2 | 3.30E2 | 3.30E2 | 3.30B2 | 3.30E?
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4. 5. 5 Photothermal effect ofSGNRs and LGNRs illuminated in water suspension

Figure 410. illustrates the UWis extinction spectra of the gold nanorods before and after
illuminationin water suspension for 16 minutsvavelengths (715 nm, 750 nm and 800
nm) close to their correspdimg surface plasmon resonance wavelength. It can be
observed that the longitudinal absorption of bibdaSGNRs andhe LGNRs blue shift
slightly after illumination withouta clear change in the peak width, indicating the
photostability of the gold nanade. The small blue shiftocild be ascribed to the slight
shortening othe GNRs due to laser induced heati@an® modef® had predicted that

the optical absorption of gold nanorods is linearly dependent on the aspect ratio (A.R.) of
thegold nanorods. Téshortening of the length of gold nanorods reduces the A.R. of gold
nanorods, hence, the blue shift of both SGNRs and LGNRs after photoexcitation in
solution. Moreover, Link and Ebayed! prediced that thdongitudinal absorptiorof

gold nanorods is liwarly dependent on ti#eR. and dielectric constant of the surrounding
medium (equation 1.7.) A decreaseof the A.R. ofthe gold nanorods reduces the
longitudinal absorption ahe gold nanorods leading to a blue shif comparison, the
peak intensityof the SGNRs remains relatively unchanged after laser illunonaét
plasmon resonance (figda). However, the peak intensitytbE LGNRS increasedfter

laser illumination (fig.4L0b). This suggests an increase of particle concentration due to
the evgporation of water. Moreover, the increase in the peak intensity of L755 is higher
than that of L816 and L719, possibly due to a slightly higher laser power density at 750
nm (2.74+0.16W/crh ) than that at 800nm (2.74+0.16W/@mand 715nm
(2.74+0.16W/crf). The normalised temperature risetloélaser illuminated SGNRs and
LGNRs in water solution are displayed in table 1a and 1b respeativappendix 2.
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Figure 4.10. TheUV-vis extinction spectra adhe GNRs;(a) SGNRS and (b) LGNRs in

water beforeqolid line) and after (dashed line) laser irradiation.
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Figure 411. shows the temperature responsethef SGNRs andthe LGNRs versus
illumination time. Three laser wavelengths were chosen, namely 715 nm, 750 nm and 800
nm, as they overlapped with the longlinal surface plasmon resonance of S720/L719,
S754/L755 and S817/L816 respectively. The temperature responsesSgsNRs and

the LGNRs were normalised against 2.74+0.16W/¢aser intensity because the laser
intensities at 715 nm and 800 nm laser wengths were 2.57+0.15W/émand
2.78+0.05W/crrespectively, while the laser intensity at 750 nm laser wavelength was
2.74+0.16W/cmy It can be seen that the temperature ofh@bamples increaseslith
irradiation time and there is an initial fast rigellowed by a slow increase before
reaching saturationThere is no obvious surface plasmon effect for the SGNRs; the
temperature profiles of the SGNRs on resonance excitations are close to that of the
SGNRs at offresonance excitations. This is likelyedio the broad surface plasmon bands
and slight mismatch of the irradiation wavelength with the surface plasmon resonance
wavelength. For example, as shown in fig04.the extinction of S754 is close to that of
S720 and both are clearly larger than ¢ixéinction of S817 at 715nm, in line with the
trend in fig 4.11a. In addition, likely experimental uncertainty in the laser intensity,
particle concentration and illumination time also make the surface plasmon effect less
obvious However, he sirface plasmon enhancement effect can be observedtfer
LGNRs where relatively larger temperature increase was observed when the excitation
wavelength is in resonance witietlongitudinal surface plasmogsonanceThis surface
plasmon effecin the LGNRSs regimes less significant in compada with the simulation

(fig. 4.9).
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Figure 4.11. The timedependent temperature chasgé the SGNRs andhe LGNRs
after laser illumination in water; (a) SGNHE: 715 nm, (b) SGNREXx: 750 nm (c)
SGNRsEx: 800 m, (d) LGNRsEXx: 715 nm, (e) LGNR&x: 750 nm and (f) LGNRs

Ex: 800 nm.The emperature profiles are normalised against their laser intensities.
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Figure 412. compares the temperature profilesrifSGNRs andhe LGNRs excited on
resonance. It can be seatthetemperatures of L719 and L816 are slightly higher than
their SGNRs counterparts, whtleat ofL755 is similar to S7541owever this is different
from the theoretical calculation showing tiia¢ heat generated kiire SGNRs is higher
than that ofthe LGNRs (figure 4. 9. It was reported thahe field coupling between
neighbouring GNRs generates strong electric field that enhances the hetim@NRs
solutiont® 163738 Desgpite a relative strong sdrption, SGNRs have shorter field length.
On the other handheLGNRSs have electric field extending further away from the surface
of the GNRs. Thus, the field coupling dhe LGNRs is stronger thathe SGNRs at
plasmon resonance excitattér?. This could explain the slightly higher temperature rise
in the solution ofthe LGNRs than that in the solot ofthe SGNRs observed in fig. 2.
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Figure 412. A comparison otthe temperature profieof the SGNRs andhe LGNRs

colloid at resonance excitations; (a) Ex: 715 nm, (b) Ex: 750 nm and (c) Ex: 800 nm.
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Figure 413. displaysa comparison othe temperature profiles dhe SGNRs andhe
LGNRs at of-resonance excitations. In contrastttee onresonance excitation, we
observed that the temperaturetiod SGNRs increased slightly more or close to that of
the LGNRs atthe off-resonance excitatiopm line with the calculation shown in fig. 4.
This could be due to the weaker local electric fiatdbff-resonancexcitationleading to
areduced absorption, thus, the contribution of field couplingn@GNRs in the heating

is negligible. Thereforeahe SGNRs have higher temperature rise ttreel GNRS atthe
off-resonance excitation.
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Figure 4.13. A comparison ofthetemperatureof the SGNRs andhe LGNRs colloids at
theoff-resonance excitationé) S754/L758Ex: 715 nm, (b) S817/L81Ex: 715 nm, (c)
S720/L719Ex: 750 nm, (d) S817/L81Ex: 750 nm(e) S720/L71%x: 800 nm and (f)
S754/L755Ex: 800 nm.

4. 5. 6 Photothermal effect of SGNRs and LGNRs illuminated in agarose hydrogel

Agarose is a polysaccharide obtained fri@red seaweed and has beeused in cell
culturing applications to replicate the natural environment of mammaliad’@&(fé “

4 Agarose hydrogel is netytotoxic and chemically unreactive to biomolecules. In this
study, agarose hydgel has been utilized to mimtieeextracellular environment because
agarose gel responds to incident light in a similar mannethasnatural cell
environmer®?. Agarose hydrogel is turbid and can scatter incident light intefiskly
can be dissolved either in TBE buffer or water atG@090°C and gels at 382-40°C. It

is composed of polymer chains, which aggtegato helical agarose fibres upon gelation.

The alignment of the fibres create a network of microscopic pores. The pore sizes are in
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ten to hundreds of nanometers depending on the concentration and temperature of agarose
hydroget’. The porosity of agarose hydrogel has been employed in gel electrophoresis
for separating biological molecules such as DNA fragments and melanin from genomic
DNAZ?" 48 Agarose gel has a specific heat capacity of 4200J/kgK and density 1090kg/m
similar to that ofwatef®.

4. 5. 6 1 Influence of solvents and concentration of agarose hydrogel on the

longitudinal surface plasmonresonance of LGNR

The surface plasmon resonance of gold nanorods in agarose gel can be influence by the
refractive index, the concentration and the temperature of the3§2l. The refractive

index of agarosedd is directly proportional to its concentrat®éf’. Figure 414. shows

the UV-vis extinction spectra of L78f%easureat21°C-22°C of different concentrations

of the agarose gel dissolven TBE buffe and water solventdt can be seen that the
LSPR of L784 blue shifts in both TBE buffer and water dissolved agarose gel relative to
their solution counterparts. The blue shift increases as the concentration of agarose
increases. This is becaugshe refractive index of the agarose gel increases as the
concentration of the agarose gel increases leading to an increase of scattered light, thus
affecting the optical extinction of L784 sampte!. Furthermore, the increase of the
concentration of the agarose gel could cause a severe aggregation of the gold nanorods
thereby inducing a further decrease of th& Aleading to an increase of blue shift as
predicted bYandiinkadESayed. &he blue shift of L784 at varying
concentrations of TBE buffer and water dissolved agarose gel is shown in table 2 of the
appendix 2Figure 415. displays theoncentration dependent blue shift of the LSPR of
L784 in TBE bufferand watelagarose gel media. It can be seen that the LSPR of L784
remains stable until 1.5% of watagarose gel media then, an increase of blue shift to 26

nm at 2.5%. In the case ofiffer-agarose gel, there is an obvious change of the LSPR in
0.3%- 1.3% in comparison to that in solution. A rise of the blue shift is observed at 1.5%
2.0% and there is no further blue shift larger than at 2%. The large blue shift of the sample
L784 in he TBE bufferagarose gel compared to the wedgarose gel suggests a higher

degree of the aggregation of gold nanorods in the TBE baffarose gel media
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compared to the wategarose gel media. This study reveals the influence of the gel

media on the ptical characteristics of the GNRs. To avoid a large blue shift, an agarose

concentration of 0.7% was chosen foofadthermal study in this work.
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Figure 4.14. The extinction spectra of L784 at the different concentrations of agarose

hydrogel; (a)UV-vis extinction spectra of sample L784 in the TBE buéfgarose gel

media. (b) U\vis extinction spectra of sample L7Bdthe wateragarose gel media.
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Figure 4.15. The effect of the concentration of agarose hydrogel dissolved in the TBE

buffer and the water solvents on the longitudinal surface plasmon resonance of L784.
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4. 5. 6 2. Surface plasmon resonanceand photothermal effect of SGNRs and
LGNRs in agarose gel

By fitting to the calibration curve @hereported refractive indices atfteconcentrations

of agarose gef, the refractive index of 0.7% agarose gel wasifoto be 1.334. Figure
4.16 shows the UWis extinction spectra theSGNRs (AS20, AS754 and AS817) and

the LGNRs (AL719, AL755 and AL816) in agarose gel of room temperature in
comparison to those in watsuspension The optical densities (O.D.) tfe AS720 and

the AS754 were normalised against O.D. of 0.99 because their or@ibalwere ~0.8.

It can be seen that, the LSPR of btk SGNRs andhe LGNRs are sensitive to the
change of their surrounding medium. We observed a broadened extinction speetra and
blue shift of the longitudinal absorption band of bothe SGNRs andthe LGNRs
dispersed in agarose gel. This could be ascrib#etamgregation of SGNRs and LGNRs,
thus, affecting the surface plasmon resonance respotise SENRs andhe LGNRs*

5L%  Furthermore, the aggregaui could affect the A.R dahegold nanorods leading to

a reduced longitudinal absorption thie gold nanorods as predicted Bya n's 6 *mo d e |
andLink and EtSayed'. Table 46. shows that the blue shift is more pronouncedtfer
LGNRs compared tthe SGNRs. This is because the LGNRs are larger in size compared
to the SGNRs, thus, the LGNRs form largeggregators thatihe SGNRS®.
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Figure 4.16. The UV-vis extinction spectra of gold nanorods in water and agarose gel
media (0.7%); (a) SGNRs (b) LGNRs. Note W and A represent sample in water and
agarose gel media respectively.
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Table 46. The lbngitudinal absorptianof the SGNRs andhe LGNRs in water and

agarose hydrogel media.

Sample LSPR (nm)
Water medium | Agarose gel mediun Blue shift in  agarost
hydrogel
S720 720 701 19
S754 754 749 05
S817 817 785 32
L719 719 657 62
L755 755 704 51
L816 816 730 86

Figure 417. depicts lhe temperature profiles @ie gold nanorods in 0.7% TBE buffer
agarose gel illuminatedt 715 nm, 750 nm and 800 nm laser wavelengliee
temperature profiles dieSGNRs andhe LGNRs in agarose gel were normalised against
2.74+0.16W/crhlaser intensit as explained above. The temperature$1eSGNRS in
agarose gel (AS720, AS754 and AS817) are enhanced when their LSPR partially overlaps
the excitation wavelengths &15 nm, 750 and 800 nm (fig.1¥a-c) due to strong
absorption of light, in agreemewith the theoretical prediction (figure 4)9.However,

no obvious surface plasmon (SP) enhancement in temperature rise was obsehesd for
LGNRs colloids in agarse gel (AL719 and AL755; fig.4.1l7and4.17e.) except AL816

(fig. 4.17f.) whose temperaturis slightly higher than that adhe AL755 andthe AL719

at 800 nm illumination. This is not surprising as the absorption decreases when the
illumination wavelength moves away from the surface plasmon resonance wavelength,
resulting inareduced heat geraion. The temperature profi@ef the SGNRs andhe
LGNRs inthe TBE buffer agarose gel can be foundables 3a andt8respectively of
appendix 2.
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Ex: 800 nm
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Figure 4.17. The timedependent temperature chasgéthe SGNRs andhe LGNRs in

TBE bufferagarose gel after laser illumination; (a) SGNBs 715 nm, (b) SGNREX:

750 nm, (c) SGNR&x: 800 nm, (d) LGNR£EX: 715 nm, (e) LGNR&x: 750 nm and

(H LGNRs-Ex: 800 nm. Note AS and AL represent small and large gold nanorods in
agarose gel media respeety.

131



Figure 418. compares the temperature changeab@AS720 andhe AL755 with similar

LSPR (701 nm and 704 nm respectively) at 715 nm, 750 nm and 800 nm laser
illumination. It can be seen that the temperaturheAS720 sample is more enhanced
than that ofthe AL755 sample at 715 nm and 750 nm laser illuminations. In comparison
to the AL755, AS720 shows a faster temperature rise fromidutesuntil reaching
saturation temperature after 12 mmi@s. This could be due to a higher absorption to
extindion ratio ofthe SGNRs compared tthe LGNRs, thus a larger heat generation,
consistent witlthe simulation (fig4.9). It is found that the saturation temperaturé¢hef
AS720 decreases from 8C (Ex:715 nm) to 27C (Ex: 750 nm) and finally 24C (Ex:

800 nm) as the wavelength dfe laser moves away from its LSPR. Moreover, the
temperature difference between the two samples also decreases as the illumination
wavelength increases and both temperature profiles overlap at 800 nm illumination. This
is believed to be due to a higher extinction of AL755 than thahefAS720 at 800nm
because the band width of AL755 is larger than th#t@AS720 although the teer has

a high absorption to extinction ratio.
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Figure 4.18. A comparison of the temperatuprofiles of the ASGNRs andhe ALGNRs
with similar LSPR gt(a) 715 nm, (b) 750 nm and (c) 800 nm illuminasion
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Figure 419. compares the temperature profilélte SGNRs colloids in water and agarose
gel. It can be seen that the temperature profilesef$817 inthewater and TBE buffer
agarose gel overlaps at 800 nm excitation wavelength. This is due to similar extinction of
both samples, WS817 and AS817re&800 nmincident wavelength (figure 24a).
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Figure 4.19. A comparison ofhetemperatue of S817 colloid inthewater (WS817) with
it in the TBE bufferagarose gel (AS817) at 800 nm illumination.

Figure 420. compares the temperature profiletioé WL719 in water withthat of the

AL816 in TBE bufferagarose gel at 715 nm, 750 nm and 80CRraitation wavelengths.
AL816 has a SP centred at 730 nm that is comparable to the SP of WL719 at 719 nm. It
can be seen that sample WL719 shows a faster temperature rise fnomat@s until
saturation temperature is reached after 12utes Apparently,the temperature of
WL719 in solution is higher thahat of theAL816 inthe TBE buffer agarose gel at 715

nm, 750 nm and 800 nm laser illuminations. As observed bef@eGNRS in solution

have large electric field coupling under light excitation t@ild be reduceah the gel

becausethe LGRNs are less mobile ithe gel matrix. Furthermore, the extinction
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coefficient of the AL816 in thgel could be lesser thahatin solution due to a decrease

of its A.R. as predicted bz a n s 6 *nanddiekl and El-Sayed®; thuslimiting the
extinction efficiency of the AL816 compared to the WL7IhGaddition theheat transfer
efficiency of the gelis reduced compared to that in solution. It has been reported
previously that gels reduce the efficiency of heansfer because tie limited contact

of granules inthe gels®>’. Moreover, the thermal conductivity ¢he agarose gel
(0.55W/m°C at 20-80°C) is slightly less than that tfiewater (0.6 W/nPC at 20°C)*®

%9 implyingareduced heat transfer thfeagarose gel in comparisontt@water solution.
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Figure 4.20. A comparison othe temperature ofthe WL719 colloids inthe water with
the AL816 in the TBE buffer-agarose gel at varying excitation wavelengths; (a) Ex: 715
nm, WL719/AL816, (b) Ex: 750 nm WL719/AL816 and (c) Ex: 800 nm, WL719/AL816.
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4. 6. Conclusion

The optical properties and photothermal effectstled gold nanorods have been
investigated. It isound that the calculated peak positionshafextinction crosssections
spectra othe SGNRs andhe LGNRs predicted by Gadsnodelmatched well with the
peak positions ofhe SGNRs andhe LGNRs derived experimentally. The ratiotbe
absorpton-to extinction of the single SGNE higher than that dhe singleLGNR, thus
enhancing the photothermal conversion efficiency of S&NReoretical calculation
shows thathe SGNRs generate more heat thiamL GNRs at botttheplasmon resonance
and off plasmo resonance excitations ithe water. However, findings fronthe
experiment revealed thahe SGNRs generated slightly more heat tlial.GRNs atthe
off-resonance illuminationyhile the LGNRs generated more heat tttha SGNRs athe
plasmon resonancexcitation because dhe stronger coupling of the local field of
neighbouring LGNRs irthe solution. The LSPR of botlthe SGNRs andhe LGNRs
showed a blue shift ithe agarose gel. The degreetbé blue shift is dependent on the
size of GNRs and theorcentration of agarose gel. It is found that the photothermal effect
of the SGNRs is more enhanced than thathef LGNRs with similar LSPR irthe gel
whenthe LSPR overlaps with the illumination wavelength. This enhancement decreases
as the excitation walength shifts away from the resonance wavelength. The
photothermal effect afhe SGNRs in solution is similar to that the gel; however, the
photothermal effect of LGNRs in solution is more enhanced than tlila¢ gel. These
findings helpin shining lghton tailoringthe gold nanoroebased nanoprobes for optimal
photothemal efficiency to enhance their performance in cancer therapy and other

photothermal applications.
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Chapter 5

Targeting EpCAM over-expressed cancer cells with SYL3C aptamer functionalised

small gold nanorodbasednanoprobes

5. 1. Introduction

Targeting cancerous cells for phototiat therapy could be a promising approath
destroying specific cancerous cells. This can be achieved by attaching single strand DNA
such as aptamers onttee small gold nanorods (SGNRS) for targeting cancerous cells,
because aptamers have a high bigdiffinity and specificity for target€. Small gold
nanorods are considered suitable agents because the absturetidinction ratio otthe
SGNRs is high compared tbe LGNRs. Thereforethe SGNRs are expected to haxze
superior photothermal eftt compared ttheLGNRSs for photothermal therapy of cancers
such as oesophagus cancer. MoreaherSGNRs have demonstrated attractive features
such as biocompatibility, deep tissue penetration, photostability and large surface area
to volume ratio foeffective binding to smaller targéts These features makee SGNRs

based nanoprobedeal agents for targeting receptors, delivery of therapeutic drugs and
photothermal therapy.

Previously, it has been reported that less laser energy is required to kill cancer cells when
the GNRs bind on the cell membrane thamen internalized into the cytoplasm
Furthermore, rupturing cell membrane kills cancer cells faster because the limetabo
activities of thecancerous cell is disrupted thereby leading to cell delagimce the need

to target biomarkers on the membrane thé cancer cells.Cell membrans are
characterised by cancer biomarkers such as membrane proteins (e.g. epiderthal grow
factor receptor, EGFR and epithelia cell adhesion molecule (EpEANIhe nembrane
proteins facilitate the transportation of ions, nutrients, drugs and other small molecules
into the ceff®. The expression level dfie membrane proteins could implicatellular
disorders such as cancers, makimgmembrane proteins useful biomarker for diagnosis

and prognosis aliseas&
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Aptamers have been reported to bind to a variety of targets including proteins, nucleic
acids and metal io#% Aptamers have been utilized as -bimlecular nanocargo for
transporting therapeutic agents, targeting RNAs and préteindptamers have
demongrated stability at ambient temperature and facile conjugation with nanomaterials
Aptamers are neimmunogenic, nottoxic, smallersize (1.2 nma 3 nm) for effective
binding and deep tissue penetratiarThese physicochemical features make aptamers
very versatile nanomaterials for various applications including targeting disease
biomarkers and detecting the presence of praddbgubstances and contaminants in
food" 1¥12, Aptamers are single stranded biological molecules synthetically created by
systematic evolution of ligands by exponential enrichment (SELEX) from either a DNA
or RNA to bind a variety of targets. DNA aptamers are preferred in most clinical
applications because they are very stable and invincible to nuclease degtddation
SYL3C aptamer for example, is a ddabp hairpin DNA based aptamer that binds to
epithdia cell adhesion molecule (EpCAM)EpPCAM is a transmembrane glycoprotein
that is expressed on the cell membrane of cells of epithelia YrifipCAM over
expression is very common in prostate cancer, breast cancer, tailaaaecer and
oesophagus canéet” making EpCAM a versatile biomarker foetécting various
cancet®. Recently, Song et alidentified SYL3C aptamer for targeting EpCAM over
expression in human breast, colorectal gastric cancer cells. SYL3C binds to EpCAM
overexpressed cancer cells with high affinity and specificity, but negative te non
EpCAM overexpressed cefld Thus, SYL3C is a promising molecular tool for early
detection of Ep@M over-expressed caer®, Following the discovery of SYL3C by
Song et al., the utilization of SYL3C has been documented in various $téi€sFor
example, Zheng et &.developed an electrochemical cytosar®r capturing EpCAM
overexpressed circulating tumor cells. The cytosensor nanostructure was made by
assembling gold nanospheres on the surface of glassy carbon electrode. The gold
nanospheres were then functionalized with SYL3C for detecting cantemal high

levels of EpCAM expression. The cytosensor shows high efficiency and specificity in
capturing circulating tumour cells with high levels of EpCAM expression. Similarly,
Song et al. demonstrated that gold nanoparticles functionalized with Sdo8@ be

very efficient in capturing circulating tumour céfisFurthermore, Pu et al. observed that

SYL3C is sensitive to EpCAM ovaxpression in frozen colorectal cancer tisstiesu

145



et al® investigated the staining pattern of SYL3C in oesophagus squamous cell
carcinoma, oesophagus adenocarcinoma and normal oesophagus epithelium. SYL3C was
found to detect 98% of EpCAM owvexpression in both oesophagus squamous cell
carcinoma and oesoph#y adenocarcinoma, but negative to normal oesophagus
epitheliunt®. The molecular interaction between SYL3C and EpCAM was investigated

by single molecular recognition force spectroscopy using atomic force microscopy
(AFM)1%, The SYL3C fit to AFM tip specifically recognized the EpCAM imbilized

on the silicon substrate, indicating the sensitivity of SYL3C aptamé&ptoAM. In
addition, the study found that SYL3C /EpCAM complexes could be stable in PBS binding
buffer containing M§". Conventional sized gold nanorods encapsulated in gi@phell

were functionalized with FAM abel ed SYL3CG biyntéreengon
nanoprobes show brighter Raman imaging signals for EpCAM positive cancerous cells

compared to normal tissues.

The photothermal effect of large gold nanore@NRs (> 50 nm in length and > 10 nm

in width) in killing cancer cells has been demonstrated. Manivasagan et al. demonstrated
that cancer cells ithecell culture ané mousereated with chitosan and fucoidan coated
gold nanorods could be killed due ttte photothermal effect dhe gold nanorodg®.
Bucharskaya et al. showed that increasing the concentration of polyethylene glycol
functionalized gold nanorods in tumour cells could enhance the local temperaafe ris
thetumour microenvironment upon laser irradiation thereby suppressing tumour growth
and eventual tumour eliminati&n Gold nanorods functionalized with polyethylene
glycol reducedgraphene oxide were used to destroyed human glioblastoma (U87MG)
cancer cells upon irradiation by a continuous wave laserBe@m the other hand, Jia

et al® have shown tht silica coated SGNRs (< 50 nm in length and < 10 nm in width)
have more photothermal effect than silica coated LGNRsaphotothermal therapy of
cancer. However, t has been found that gold nanorods functionalized with targeting
ligands have betteretiular uptake/binding in comparison to gold nanorods without
targeting ligand®. Moreover, gold nanoparticles functionalized with targeting ligands
could have higher binding affinity and specificity for cancerous cell thereby minimising
side effects on healthy cells, hence the fiumetlization of SGNRs with SYL3C aptamer.
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The present study investigated the capability of SYL3C functionalized small gold
nanorod nanoprobes in targeting EpCAM eegpression in cancer cells and the size
effect of SYL3C functionalized gold nanorods the photothermal therapy of cancer.
Steady state and tinresolved spectroscopies were utilized to understand the
hybridization kinetics of the GNRsSYL3C nanoprobes. Flow cytometry and
fluorescence microscopy were employed to assess the bindihg GNRs-SYL3C on

thecancer cells, anthe cell viability under laser irradiation.

5. 2. Experimental section.
5. 2. 1. Materials

All chemicals were used as received without further purification. Chloroauric acid
(HAuUCls, 49%), Hexadecyltrimethylammonium braiei (CTAB, 99%), Ascorbic acid
(AA), Sodium borohydride (NaBk 99.8%), Silver nitrate (AgN§), Dodecanethiol
(DDT, 98%), Mercaptohexanoic acid (MHA, 99.8%), Acetone (99.9%), Isopropanol
(99.5%), Toluene (99.8%) and methanol were purchased from Sigma hAldhide

hydrochloric acid (HCL) was purchased from Fluka.
Cy3-SYL3C aptamer:

56[ Thi C6 ]|CAGTAGASAGGTTGCGTCTGTCCCACGTTGTCATGGGGG
GTTGGCCTGCY3]-3 6 |

cDNA:

50
CAGGCCAACCCCCCATGACAACGTGGGACAGACAGACGCAACCTCTGTAGT
G30. The ahecDlAVecre puachagd from Sigma Aldrich.

5. 2. 2. Synthesis of gold nanorods

We synthesized large gold nanorods (LGNR) by a reported préto€alo samples of
the small gold nanorods (SGNRind SGNR) were synthesized by our modified silver
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assisted seemhediated growth method reportedtie literature®. The seeslsolution of
the LGNR and the small gold nanorods (SGNRand SGNR) were prepared and
incubated as reported in sect®ir?. 2 of chapter 3. Table 5.1. an®5list all the reagents
used to preparéhe goldseed, the growth solutions antheamount of seeds used for the
synthesis of LGNR, SGNfand SGNR.

Table 51. The list of ragent used to preparthe seed andthe growth solutionof the
LGNR.

Reagents | HAuCls CTAB NaBHs AgNO:s AA Seeds
(0.001M; | (0.2M; (0.01M; | (0.004M; | (0.0778M; | (ml)
ml) ml) ml) ml) ml)

Seed 2.50 7.50 0.60 - - -

solution

Growth 10.00 10.00 - 0.285 0.14 0.02

solution

Table 52. The list of reagents used to prepafe seed and growth solutions ahe
SGNRS(SGNR and SGNR).

Reagents HAuCls | CTAB | NaBHs | AQNO3z | HCI AA Seeds
(0.01M; | (0.1M; | (0.01M; | (0.01M; | (2.0M; | (0.2M; | (ml)
ml) ml) ml) ml) ml) ml)
Seed solution 0.25 9.75 1]0.60 - - - -
Growth | SGNR. | 0.50 9.00 |- 0.075 |0.20 |0.08 1.00
solution
SGNR: | 0.50 9.00 |- 0.032 |[0.20 |0.08 1.00

5. 2. 3. Ligand exchange and functionalization of gold nanorods

Ligand exchange fothe LGNR, SGNR andthe SGNR: was performed as reported in

section 3. 2. 4of chapter 3 usin@ roundtrip phase transfer ligand exchange protocol
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previously reported irthe literature> #. A thiolated hairpin SYL3Cwas used to
functiondize the LGNR, SGNR andthe SGNR: respectively via a salt aging proc&ss

as reported in section 3. 2.d& chapter 3.

5. 2. 4. @ll sample preparation

Prostate cancer cell line, PC3, was used as EpCAM positive sample, while healthy human
kidney cell line, HEK293, was used asontrol sampleThe cells were cultured ithe
Dul beccods mo d i f i(EMEM) Enedial cenbasingmB& (1i0%)mand
penicillin-streptomycin (5.5ml). Prior to seedirm)emocytometer was used to determine
thecell density. The PC3 artdle HEK293 cells were seeded at 1.5 ¥ ¢6lls per well in

a 6well plate. The PC3 cancer cells atheé HEK293 cells werencubated in separate
wells overnight. The experimental cell samples were incubatedha®BGNR-SYL3C
nanoprobesand the SGNR-MHA for 4 hours in separate wells. The cells were
centrifuged at 1400 rpm for 5mites and resuspended in PBS buffer. Thergaes were
excited at 488 nm for flow cytoetry analysis with A MoFlo XDP ytometer
(BeckmanCoulter, Brea, CA).

Furthermorehuman oesophagus adenocarcinoma cell kb®-1 and breast cancer cell
line, MCF7 with similar cell density as above were cuiion coverslips suspended in
the DMEM media in 24 well plate overnight. After the overnight incubation, the cells
were washed irthe PBS buffer 2x and treated with 0.1 nM thfe SGNR-SYL3C
nanoprobes and incubated for Gi@urs, 1 hour and 1.5hours regectively. After the
incubation, the FL&L and MCF7 cell samples were further treated wifte-Diamidine
2-phenylindole (DAPI) to staithecell nuclei. The cell containing coverslips were fixed
onaglass slide for imagingThe samples were excitetl 405 nm for DAPI and 561 nm

for Cy3 simultaneouslywith a confocal microscopdleica Microsystems SP8+
picoEMERALDS). The DAPI and Cy3 channels were merged together in ImageJ to

produce overlapped images.
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5. 2. 5. Sample preparation and photothermal ééct study

The photothermal effect of GNRs in cancer cells was investigated using S&NRC

and LGNRSYL3C nanoprobes. Firstlythe FLO-1 andthe HEK293 cell lines were
cultured inthe DMEM media. Specifically, 8.0 x £&ells for each cell line werseeded

per well in 2ml of theDMEM media supplemented with 10% foetal bovine serum (FBS)
andpenicillin-streptomycin (5.5nl) in a 6 well plate overnight after which the media was
removed and the cells washed in phosphate buffered saline (PBS) andizegpsin
detach adherent cells. The cells were collectedandts ml tube and centrifuged at 1400

rpm for Sminutes at room temperature. The supernatant was discardedeacllthellets
re-suspended in tl of thefresh DMEM media in the initial 6 welllate. The cells were

then incubated with 0.4 nM dfie SGNR-SYL3C andthe LGNR-SYL3C nanoprobes;

and the SGNR-MHA and the LGNR-MHA for 1.5 hours. Thereafter, the cells were
washed with PBS, trypsinized, centrifuged andres pended i n 380 ¢l
DMEM media for photee x c i t at i o n .thetfedtes nell sadles ant-tneatdéd

cells were placed on an improvised chamber made from the AdL&f ml gopendorf

tube. The lid was fixed on a glass slide with akmastape as shown in figurels. The

cell samples were excited on resonance to the surface plasesonance ahe SGNR
andtheLGNR, namely 774 nm with laser power density 0°Bt660W/cnt and 753 nm

with laser power density 0.308.050W/cn? respectively. Bth excitations were d100%

laser power transmission via the objective lens (10x) @bmfocal laser scanning
microscope (LSM510, Carl Zeiss, 6@ngen, Germany)for 1lminute After laser
exposur e, 10 ¢ kellsamples eee mixedwighr ¢t r ¢ aty@a n bl
on a glass slide to identify viable and dead cells. The trypan blue treated cell samples
were image with a confocal microscope usihg 10x objective las. The quantity of

viable and dead cells were determined by casting the entire laser treated cells mixed with

trypan blue o a hemocytometer for counting.
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Figure 5.1. The &citation of ranoprobes treated cells with@herent laser beam gsng

through a confocal microscope.

5. 2. 6. Cytotoxicity effect of SGNRSYL3C

The cytotoxicity of SYL3C based nanoprobes was evaluated by inculblaéiSgsNR -

SYL3C nanoprobe with FLQ, MCF7 and HEK293 cell lines in comparison withe
SGNRi-MHA. Specifically, 8.0 x 16 cells of each cell line were seeded per well in 2 ml

of theDMEM media in a 6 well plate overnight after which the media was removed and
the cells washed in phosphate buffered saline (PBS), trypsinized to detach adherent cells.
Thecells were collected inta15 ml tube and centrifuged at 1400 rpm fanButesat

room temperature. The supernatant was discarded and the cell petlespeaded in 2

ml of the fresh DMEM media in the initial 6 well plate. The cells were then incdbate
with 0.4 nM of the SGNR-SYL3C nanoprobe anthe SGNR-MHA for 3 hours.
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Thereafter, the cells were washed with PBS, tyrpsinized, centrifuged-armaubated in
1 ml ofthefresh DMEM media for 24 hours to assess cell viability.

5. 2. 7. Optical characerization of gold nanorods nanoprobes

The extinction spectra tiieSGNR;, SGNR andtheLGNR samples were measured with
the UV-visible spectrophotometer (Lambda 2, Perkin EImér)spectrofluorometer
(Horiba Jobin Yvon Ltd., Middlesex, UK) was used to swea the fluorescenemission
spectra othe SGNR;, SGNR andthe LGNR nanoprobes at 532 nm excitations.

Time-resolved fluorescence spectroscopy was employed using thedimatated single
photon counting (TCSPC) technique with an IBH Fluorocube flearese lifetime
system (Horiba Jobin Yvon IBH Ltd., Glasgow, UK). The SGNRGNR: and the

LGNR nanoprobes were excited with a 509 nm pulsed-&gfitting diode (NanoLED)
source respectively, operating at a repetition rate of 1 MHz. Fluorescence decay
measurement was taken tite magic angle (54°% to eliminate polarization artefacts.
Data analysis was performed with DAS6 packdde fluorescence decay curves of the
nanoprobes were fitted as explained in chaptefft® fuorescence lifetimes were
analyed by fitting the decay curves to mediiponentias decay model presented in
equation 2.3. of chapter 2.

Flow cytometry was performed usirjA MoFlo XDP ojtometer (BeckmanCoulter,
Brea, CA). While fluorescence imaging was performetih \a single photon confocal

microscop€gLeica Microsystems SP8+ picoEMERALDS +CW vis lasers).

5. 3. Results and Discussion
5. 3. 1. Synthesis and functionalization of gold nanorods

Gold nanorods (SGNRSGNR and LGNR) were synthesized bilver asssted seed
mediated growth methdt?®. The longitudinal surface plasmogsonance (LSPR) tiie
SGNR,, SGNR andthe LGNR were 789 nm, 679 nm and 760 nm respectively. The

152



average dimensions oifie SGNR, SGNR andthe LGNR were determined frorthe
calibration curves shown in appendix 2. The dimensioagiesented in table3.

Table 53. The dimensions adheSGNR,, SGNR andthe LGNR.

Samples LSPR (nm) Length (nm) Width (nm)
SGNR 789 22.004.6 5.81.3
SGNR: 679 18.54.2 5.414
LGNR 760 45.007.2 11.62.0

Figure 52. shows the UWis extinction spectra dhe SGNR, SGNR andthe LGNR
before after ligand exchange and functionalization whke SYL3C respectivelyThe
longitudinal surface plasmon resonancéh&fSGNR, SGNR andthe LGNR shifted to
756 nm, 676 nm and 765 nm respectively without apparent peak broadéemipe
ligand exchange, indicating a successful ligardhange as shown in figure&, ¢ and

e respectivelyThe blue shift after the ligand exchange could be ddieetshortening of
thelength of SGNR, SGNR and LGNR as a result of heating, therefibre aspect ratio

of the gold nanorods decreases leading to a blue shift of the longitudinal surface plasmon
resonance as predictday Gan$§ Link and EtSayed models in equations 1.2.7.and

1.8. respectively?2°. After functionalization withthe SYL3C, the LSPR of SGNR
SYL3C, SGNR-SYL3C andthe LGNR-SYL3C nanopronbes were 77n634 nm and
753 nm (figure Ra, c and e respectively). The blue shift observeth®&EGNR> and
theLGNR nanoprobes is consistent with previous stiéifésnd this could be attributed
to series of repeated washing (centrifugation) which could affect the final sizéeand
LSPR of the nanoprobes. A peak centered at ~259 nm was séba 3GNR-SYL3C,
SGNR-SYL3C and the LGNR-SYL3C nanopronbes representing the absorption
wavelength of DNA (SYL3C). Upon addition of the complementary DNA (cDNA), the
intensity of the absorption peak of DNA increasHae adsorption of the aptamer on the
gold nanorods structures, thus, enhandesr ttargeting abilities and stabilizes the
nanoprobes from nuclease degradation for potential application in complex biological
system&’.
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Figure 5.2. TheUV-vis extinction spectra dhegold nanorods; (ahe etinction specta
of SGNR before and after ligand exchange and functionalization with SYL3Ghéb)
extinction spectra of SGNfbefore and after incubating withecDNA, (c)the etinction
spectra of SGNRbefore and after ligand exchange, ffi§ extinction spectra 06GNR

before and after functionalization with SYL3C {le¢ ectinction spectra of LGNR before
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and after ligand exchange, (the etinction spectra of LGNR before and after
functionalization with SYL3C .

5. 3. 2. Fluorescence emission and lifetimé Gy3-SYL3C aptamer immobilized on

gold nanorods

To understand the hybridization kineticstbé GNRsSYL3C nanoprobes, both steady
state and timeesolved fluorescence spectroscopies were performed before and after
adding excess cDNA. The SGNBYL3C, SGNR>-SYL3C andthe LGNR-SYL3C
nanoprobes were incubated wikie cDNA in the ratio 1:1000. The samples were excited

at 532 nm with a spectrofluorometer to obttie fluorescece emission spectra. Fig.

5.3. shows the fluorescence emission spectth@e®GNR1-SYL3C, SGNR-SYL3C and

the LGNR-SYL3C nanoprobes before and after incubating WidtDNA. The increase

of thefluorescence emission intensity thie gold nanorods nanoprobes after addimg

cDNA was observed in athethree cases. Withodthe cDNA, aptamer was in a closed
form andtheCy3 in the SYL3C (donor) is closettoe gold nanorod (acceptor) surface,
resulting in quenching o fthedandrgy trandfeeddrono p h o r
the donor to the acceptor. In the presena@EDNA, the hybridization of the aptamer

with the cDNA opened the hairpins and shifted the fluorophore away tregold
surface resulting iarecovered fluorescence emissiorttegfluorophore Previous study
found that thejuantum yield o€y3-ssDNA significantly reduced upon duplex formation
arising from the free rotation dhe carboncarbon bond of the polymethir#&®*. The
increases in the fluorescence emission intensih®@8GNR-SYL3C, SGNR-SYL3C
andthe LGNR-SYL3C nanoprobeafter hybridization witithe cDNA imply the strong
guenching in the initial closed form, thus, indicating the successful functionalization of

the small goldhanorods witlthe aptamer.
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Figure 5.3. The fluorescence emission spectratud gold nanorods nanoprobes before
and after hybridization; (a) SGNfSYL3C nanoprobe, (b) SGNFSYL3C nanoprobe
(c) LGNR-SYL3C nanoprobe.

Time-resolved fluorescence lifetime measurement was conducted to detetingn
fluorescence lifetimes ahe SGNRi-SYL3C, SGNR-SYL3C andthe LGNR-SYL3C
nanoprobes before and after incubation whcDNA. Fluorescence decay curves were
fitted to multiexponentiad decay model using DAS6 software as previously repéited
The fluorescence lifetime of free BpYL3C (i.e. without assemblynto the gold
nanorods) was measuredthsreference. The fluorescea lifetime of free SYL3C was
fitted to a 2 exponential decay model to accounttiershorter andhe longer lifetimes

of free SYL3C intheclosed state (before hybridization withe cDNA) andthe opened
states (after hybridization witthe cDNA). While the lifetimes of SGNRSYL3C,
SGNR-SYL3C and LGNRSYL3C nanoprobes were fit to 3 exponential decay model to
account for the longer arldeshorter lifetimes of nanoprobesthreclosed andheopened
states, as Wieas the scattering from the gatdnorals. The fluorescence decay curves of
the free Cy3SYL3C, SGNR-SYL3C, SGNR-SYL3C and the LGNR-SYL3C
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nanoprobes are shown in figure43.while the fittings of the fluorescence decay curves
are presented indures 2 and 3 respectively of appendix 5.
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Figure 54. The fuorescence lifetime decayf; (a) free Cy3SYL3C , (b) SGNR-
SYL3C nanoprobe, (c) SGNFRSYL3C nanoprobe (d) LGNYL3C nanoprobe.
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Table 54. shows the fluorescence lifetimesthé free Cy3SYL3C, SGNR-SYL3C,
SGNR-SYL3C andheLGNR-SYL3C nanoprobes. The fluorescence lifetiméefiree
Cy3SYL3C shows two fluorescenci@nldi ehe rme U
a n darelihe shorter arttielonger lifetime components tiefree Cy3SYL3C in both

the closed state antthe opened state respectively. It has been reportedhitbanergy
transfered from the fluorophore tothe nucleotide bases could occur by photo induced
electron transfer when both the fluorophore imebases are in a cloggoximity> ®,
hence the shorter lifetime componentliué free Cy3SYL3C. The average lifetime of
thefree Cy3SYL3C is denoted bylin both states. The averafyjgorescence lifetime of
thefree Cy3SYL3C in the closed state is 1.65 ns while its average lifetirttesiopened
state is 1.53 ns. It can be seen that the average fluorescence lifetinesree Cy3
SYL3C decreases after hybridization with ti&NA as shown in table 8. This could be
due to the rotation ofthe carboncarbon bond ofthe polymethine chain upon
hybridization, inducing a decrease in the quantum yield ofClg@nce the decrease of
the average fluorescence lifetime tife free Cy3SYL3C after hybridization with the
cDNA.

Table 54. Thefluorescence lifetimes @ffree Cy3SYL3C.
Sample d (ns) B1 (%) | G (ns) B2 (%) | f{(ns) |¢&

FreeCy3-SYL3C 1.070.01|43.69 |2.880.01/56.31 |1.65 1.04

FreeCy3-SYL3C - |1.040.01|/49.94 |2.840.01|50.06 |1.53 1.00
cDNA

Table 55. shows the fluorescence lifetimestioé SGNR-SYL3C, SGNR-SYL3C and
the LGNR-SYL3C nanoprobes before and after incubating vitie cDNA. The
fluorescence lifetimes ahe SGNRi-SYL3C, SGNR-SYL3C andthe LGNR-SYL3C
nanoprobes show t hr eealnidreptksentiie stoodemgiie n e n t
longer lifetime omponents ofthe Cy3 INSGNR-SYL3C, SGNR-SYL3C and LGNR
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SYL3C nanoprobes irhe closed andtheopened st at esbeimgehepect |
scattering fronthe gold was fixed at 0.5 channel during curve fittingetominatethe
scattering contributin of the gold nanorods. Table %&. shows that the shorter lifetime

c 0 mp o nefthesanoprobes in the closed state, SGI$RL3C (0.54 ns), SGNR
SYL3C (0.44 ns) and LGNSYL3C (0.44 ns), are shorter in comparison to the shorter
lifetime component ofhefree Cy3-SYL3C (1.07 ns) irtheclosed state. The decrease of
the average decay tim#](of the GNRsSYL3C nanoprobes (1.34 ns, 1.31 ns and 1.45
ns) in comparison to that tiefree Cy3SYL3C (1.65 ns) was apparent which could be
due to the strong quenclgireffect of the gold nanorod. Studies have shown that gold
nanorods are good quenchers of fluorescence via dmueptor energy transfer
mechanism when both the donor and acceptor are within the interactiof*raigel his
confirmed again thathe Cy3-SYL3C is attached to the gold nanorods. In the opened
(hybri di z aofthedGNRsSYd 3Cananeprobel are shorter than thaheffree
Cy3-SYL3C (tabless4. and5.5.) indicating that the Cy3 is still anchored on the GNR
after hybridizatio®. Furthermore, the average lifetimegof the SGNR-SYL3C,
SGNR-SYL3C andthe LGNR-SYL3C nanoprobes decreased after hybridization (1.34
vs. 1.05 ns, 1.31 vs. 1.14 ns and 1.45 vs. 0.91 ns respectifehgduction inthe
fluorescence decay of Cy¥&DNA upon duplex formation was reported befote The
observed lifetime decreases observed here could be due to the reduced quantum yield of
theCya3 arising from the free rotation tifecarborcarbon bad of the polymethine chain
upon duplex formation of the Cy8YL3C aptamer nanoprofse”,
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Table 55. The fluorescencefetimes ofthe SGNR-SYL3C, SGNR-SYL3C andthe
LGNR-SYL3C nanoprobes.

Sample Q (ns) Bi |[B(ns) B |GQ(s) |Bs [ |62
(%) (%) (%) | (ns)
SGNR- 0.540.01| 35.89| 2.71°0.05 |4.21 |0.01 61.90| 1.34| 1.04
SYL3C
SGNR- 0.490.00 | 40.81| 2.030.04 |5.70 | 0.01 53.49]/1.05| 1.03
SYL3C-
cDNA
SGNR- 0.440.01| 34.08| 2.080.03 |8.32 |0.01 57.60] 1.31| 1.06
SYL3C
SGNR2- 0.440.01| 35.97|1.9420.03 | 7.16 | 0.01 56.87| 1.14| 1.02
SYL3C-
cDNA
LGNR- 0.46°0.01| 30.08| 3.490.08 |2.87 |0.01 67.03| 2.89| 1.06
SYL3C
LGNR- 0.350.00| 40.03| 2.11°0.07 |3.10 | 0.01 56.87| 0.91| 1.03
SYL3C-
cDNA

5. 3. 3. Biocompatibility of small gold nanorods ptamer nanoprobe

Cell viability was determined to evaluate the biocompatibilitytref SGNR-SYL3C
nanoprobe othecells after incubation for 24drs. The total cells (viable and dead cells)
were counted and the percentage of viable cells (viable odlsftells x100%) was
determined. Figure 5. displays bar chart representing the percentagieeafiable cells
after incubation witlithe SGNR-SYL3C nanoprobe anthe MHA coated SGNR The
cytotoxicity effect of both the nanoprobe aheé MHA coated SGIR on the viability of

cells was found to be very small. It can be seen that >90% of the cells incubatétkwith
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nanoprobe were viable after 24 hours consistenttiprevious repoft This indicates
thatthe SGNR-SYL3C nanoprobe is biocompatible to the cells.

100
—~ 80
=
:; 60 mFLO-1
= m MCF-7
.g 40 m HEK293
o]
O 20

0

Nanoprobe SGNRI1-MHA

Figure 55. The hocompatibility of SGNR-SYL3C aptamenanoprobe.

5. 3. 4. Targeting EpCAM expressed cancer cells with SGNRYL3C nanoprobes
Cancer cells c@xist with healthy cells ithe living systems, thus, a targeting ligand is
required to deliver therapeutic interventions to destroy specific candsrtleteby
minimizing adverse effect athe healthy cell®’. Hencethe SGNRs were functionalized
with the SYL3C to target EpCAM oveexpressed canceells. Flow cytometry and
fluorescence microscopy techniques were employed to mathigobinding andthe
location ofthe SGNRSYL3C nanoprobes othe cancer cells. Figure 5.@lepicts the
distribution of the histogram of fluorescent intensity frtm 6 samples obtained from
theflow cytometry. It shows that the fluorescence intensitthefPC3 treated witlthe
nanoprobes (¥ned 0.76) increased by 0.46 in comparison toOOb@ing the
autofluorescence frothe PC3 andhe PC3 treated witthe MHA-GNRs. This indicates
the attachment dhenanoprobes tthe PC3 cells. On the other hand, the increagbef
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fluorescence intensity dhe nanoprobe treated HEK293 cells is 0.24 higher than that
from its two controls. The near doubled difference (0.46 vs.) @2the increase of X

med fromthe nanoprobe treated PC3 atiit HEK293 against their controls indicates
higher amount of SGNRSYL3C nanoprobes boundtioe PC3 cellsThePC3 has high
expression of EpCAKF#? , whiletheHEK293 cell line is a healthy kidney cells and does
not overexpress EpCAKE. Therefore less SGNFSYL3C nanoprobes are bouncthe
HEK293, hence the weak fluorescence signal from the probe treated HEK293 cells. This
demonstrates the specificity thie SGNR-SYL3C nanoprobe to recognize EpCAM on
thecancer cell¥.

Overlay

[l Hek con [A] FL2-Height
[TIHek GNR S [B] FL2-Height
[ ]Hek probe S [C] FL2-Height
[ 1PC3 con [D] FL2-Height

1500 —

= ] []PC3 GNR S [E] FL2-Height
§ [ 1PC3 probe S [F] FL2-Height
500—1-
Q
Marker Number %Total %Gated X-Med
= Aun 95,804 95.80 100.00 0.17
[ Al 96,306 96.31 100.00 0.18
[ Au 96,155 96.16 100.00 [0.42|HEK2-@3&anopr
] Al 95,771 95.77 100.00 0.30
] Au 94,204 94.20 100.00 _0.30
] Au 96,046 96.05 100.00 PC&hanope

Figure 5.6. The hstogram of the distribution of fluorescent intensity.

To futhe understand the uptake dynamicstbé SGNR-SYL3C nanoprobe byhe
EpCAM overexpressed cancer cells, cellular imaging andtack analysis were
performed orthenanoprobe treated cancer cells in conguer withthetwo controls. Fig.

5.7. shows the flugescent microscopic images of the cell controtfeated), SGNR

MHA treated cells anthe nanoprobe treated cells. It che seen thathe cells treated

with the SGNR-SYL3C nanoprobe display strong fluorescence signals in constrast with
theweak backgound intheCy3 channel observed ihecontrol group anthesmall gold
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nanorods treated cells. At Odurs, a few bright spots correlated ttee nanoprobes
attached to the cancer cells as highlightgdthered circles were observed. With the
increaseof incubation time, moréright spots wee found on the cells after incubation
for 1 hour and 1.5hours. In addition, more nanoprobes were foundheMCF-7 cancer

cells tharthe FLO-1 cancer cells.

The weak fluorescence signal observed for the coatrdthe small gold nanorod treated

group could be due to autofluorescence from the cancer cells. However, the samples
treated with the nanoprobe recorded strong fluorescent signal indicating the binding of
the nanoprobe tthe EpCAM overexpressed canceells. The increase of bright areas
observed at longer incubation time suggests that more nanoprobes were attached to the
cancer cells at longer incubation tifieThe binding of the nanoprobes the cancer cell

could be as a result ¢tie EpCAM over expression on the membrane of cancer cells of
epithelia origin as previously reportéd®. The expression levels of EpCAMtime MCF-

7 cancer cells is merthanthat in theFLO-1 cancer cells, hence, the presence of more
nanoprobes othe MCF-7 thanthe FLO-11>17,
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Figure 5.7. The onfocal microscopic images tife FLO-1 andthe MCF-7 cancer cells
treated withthe SGNR-SYL3C nanoprobes for 0.5ours, 1 hour and 1.5 bursin
comparsion tahecell control andhecell treated witthe SGNR-MHA for 1.5 hours.

Z-stack analysis was further performed to reveal the localization oati@probes otihe
cancer cell. The Atack images depicting the localization of nanoprobethefLO-1
and MCF7 cancer cells are shown in fig.&.The nucleus of the cells was stained in
blue by DAPI while the bright green spots seen on the cell memlsignalledthe

168



fluorescence emission frothe Cy3. The zplane scanning as indicated by the trajectory

of thered arrows reveals thttenanoprobes are located on the cell membrane as expected
because the receptor (EpCAM) resides on the cell membrhaadaright green spots seen
could be an indication of the locationtbfe nanoprobes on the cell membrand-aD-1

cells and MCF7 (fig. 58ab). At half an hour, few bright green spots were seen on the
cdl membraneof theFLO-1 cells (fig.58a-b). The bight green spot increased at longer
incubation time (1.5hours) indicating that more nanoprobes got attached on the
membrane at longer incubation time. In comparison, more nanoprobes were seen on the
membrane othe MCF-7 cells tharthe FLO-1 cells at hdlhour (fig. 5.& vs 58b).
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Figure 5.8. TheZ-stack ofthe SGNR-SYL3C nanoprobe incubated withe cancer
cells for 0.5hours-1.5hours; (a) FLO1 cell, (b) MCF7 cells.
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5. 3. 5. Photothermal effecbf the SGNR andthe LGNR based SYL3C nanoprobes

The sizedependent photothermal effect dhe GNRsSYL3C nanoprobes was
demonstrated by excitinge FLO-1 cells andhe HEK293 cells treated witthe SGNR:-
SYL3C andthe LGNR-SYL3C nanoprobes in compariséa the two controls for 1
minute Figure 0. depicts the optical imagestbEFLO-1 andtheHEK293 cell samples
illuminated at the surface plasmon resonance wavelength of the nanoprobes. More blue
stained cells were observem thenanoprobes (SGNRSYL3C and LGNRSYL3C)
treated FLOL1 cells thanthe HEK293 cells (fig $a-d). This indicates that more FLD
cells treated with the nanoprobes died in comparisghetaanoprobe treated HEK293
after exposure tthelaser illumination. The FLEL cells treatdd withthe SGNR-SYL3C
nanoprobe died more than the Fllells treated witthe LGNR-SYL3C nanoprobe as
depided by tke red circles (fig. 5& and Pc). In comparisonthe GNRsMHA treated
FLO-1 and HEK?293 cells antthe control samples displayedds blie stained cells (fig.
5.9 el) indicating fewer dead cells. No significant differencdledead cells was seen
for the FLO-1 cells treated witthe SGNR-MHA andthe LGNR-MHA respectively.
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Figure 59. The bright field images othe cells exposed tthe laserfor 1 minute (a)
SGNRSYL3C nanoprobe for FLQ. (b) SGNRSYL3C nanoprobe for HEK293.(c)
LGNR-SYL3C nanoprobe for FLQ. (d) LGNRSYL3C nanoprobe for HEK293, (e)
SGNRMHA for FLO-1. (f) SGNRMHA for HEK293. (g) LGNRMHA for FLO-1. (h)
LGNR-MHA for HEK293, (i, k) Control for FLGL. (j, I) Control for HEK293.

Cell necrosis was determined by counting the total dead Fa@d HEK293 cells per a
sample aftethe laser illuminaton. That is, the total cells (dead and live cells) were
counted and the percentage tbe dead cells (dead cells/total cells x 100%) after
illumination was determined. Figurel®. displays the bar chart tie cell necrosis for
photoexcited treated ceBamples. This shows thtite illuminated FLO1 cells treated
with the SGNR-SYL3C andthe LGNR-SYL3C nanoprobes hav7% and 9% dead
cells respectively, higher than 12% and 7 % dead celteedfluminated FLOL1 cells
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treated witthe SGNR-MHA andthe LGNR-MHA, while the illuminated control FLO
1 cell sample was 2% dead. Illuminated HEK293 cells treatedthetSGNR-SYL3C
andthe LGNR-SYL3C nanoprobes have 4% and 1% dead cells, vinddluminated
HEK?293 cells treated witthe SGNR-MHA andtheLGNR-MHA have 3% and 4% dead
cells respectively. The illuminated control HEK293 cell sample has 1% dead cells. Thus,
it is evident thathe GNRsSYL3C nanoprobes treatment inducadredead FLGlcells
thanthe GNRsMHA (without SYL3C) and the wtreated cellsfter laser illumination.
Significantly, the SGNR-SYL3C nanoprobe induceghore than doubleleadcells in
comparison to the cell line tredtaith the same GNRs withouttapner functionalization
and more than 13 times in comparison to the cell line withanoprobes. In addition,
the FLO-1 cellstreated with the same laser illuminated GNIRE.3C nanoprobedied
morethanthe HEK293 cells with similar treatment This is becausthe GNRsSYL3C
nanoprobes have higher binding affinity and specificitytfierEpCAM overexpressed
cancer cells? ® and better targeting abilities thaine GNRsMHA?*, therefore more
SYL3C nanoprobes bind tine FLO-1 cell membrane thathe HEK293 (negative to
EpCAM) cells®, manifesting thebenefit of targeted nanoprobes time photothermal
therapy of canceMoreover, thé=LO-1 cells treated witthe SGNR-SYL3C nanoprobe
died3x more incomparison to the same cells treated whl. GNR-SYL3C nanoprobe;
similarly more FLO1 cells treated ith the SGNR-MHA died than the FLEL cells
treated withthe LGNR-MHA after the laser illumination (fig 5.0a-b). This is not
surprising as our previous study revealed thaBGNRs generate more heat energy than
theLGNRs atthesurface plasion resonancexcitation (fig.49., chapter 4).

These results demonstrate the specificitthefGNRsSYL3C nanoprobes for targeting
EpCAM overexpression inthe cancer cells and the efficacy of the nanoprobes for
photothermal therapy of cancer. Furthermadiee SGNR:-SYL3C nanoprobes have

shown superior photothermal effect compared to the L&NR3C nanoprobes.
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Figure 5.10. The histogram of cell necrosis for laser exposed FL@nd HEK293.

5. 4. Conclusion

In conclusion, this study has successfully synthesaineidfunctionalized SGNRSYL3C
nanoprobes for targeting EpCAM owvexpressed cancer cells. The SGANRE.3C
nanoprobes have shown low toxicity effect on the viability of cells. It is found that the
SGNRsSYL3C nanoprobes binds specifically on the membiarthe FLO-1 andthe
MCF-7 cells with EpCAM oveexpression. GNRSYL3C nanoprobes induce higher
death rate othe FLO-1 cells tharthe GNRs without targeting ligand and the death rate
of the FLO-1 cells treated witlthe SGNRnanoprobe is higher than thaef the FLO-1

cells treated witithe LGNR. This demonstratean enhanced efficacypf the GNRs
SYL3C nanoprobedn the photothermal therapy resulting froamincreased affinity to
EpCAM expressed cancer cells atfe enhanced photothermal effect thie SGNRs.
These findings may guide researchers in the design of gold nanorods nanoprobes with

superior photothermal effect for phdtetmal therapy of cancer
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Chapter 6

Detection of RNA biomarkers in biological systems witlthe small gold nanorod

based nanoprobes

6. 1. Introduction

Prostate cancer is one of the leading causes of mortality among men gfolFathgtate

cancer occurs in many forms and this include prostate adenocarcinomas, small cell
carcinomas, sarcomas, transitional cell carcinomas and neuroendocrine prostate cancer
Neuroendocrine prostate cancer (NEPC) evolves from prostate adenocafciNERE&

is considered as a big threat to meRods he
In addition, the current screening methods for prostate cancer are androgen receptor (AR)
and prostate specific antigen (PSAstieg’. Prostate specific antigen testing for example,
lacks the specificity and sensitivity to detect early stage of prostate taviceeover,

NEPC does not expss neither androgen receptor nor prostate specific antigen
biomaker$®, making the diagnosis of NEPC very challengfgrthermoreboth normal

cells and prostatecancercells express PSA; and an elevated PS/lelledoes not
necessarily implicate prostate carti€erFor example, benign prostate hyperplasia,
prostatisis or urinary tract infection could induce elevated PSA [évélsoreover, PSA

test is susceptible to false positive or false negative t&sTitis obligates the use of other

tests (e.gtrans rectalltrasound, xray and cystoscopy) to make informed progrnidsis

The delay in conducting furtheedts to establish a prima facie of prostate cancer could
exacerbate the morbidity of the patient leading to death. Hence, the need for new
techniques to enable sensitive and facile detectibrtancerbiomarkers for early
diagnosis of NEPC.

It has been rapted that cancer cells secrete substantial anufuexosomes at the early
stageof cancer developmefit Therefore, exosomes can be harnessed as potential
biomarkers for early diagnosis of NEPC because ¢kesomes exhibit biological
characteristics reminiscent of their originating parentt¥ll Exosomes are nanoscale
extracellular vesicles released e living systems’. Exosomes occun abundance in

cells and other biogical fluids such as saliva, urine and blood alongside other
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extracellular vesiclé§22 Exosomes can be &#D0 nm in diameter and are composed of
proteins, mMRNA, microRNA (miRNA) and lipid& 2223, Exosomes facilitate intercellular
communicatioff, exosomes contain proteins and nucleic aeaisd can be used as nano
vectors for delivery of therapeutic agents. Comparethéccirculating tumair cells,
exosomes occur in abundance in serum, are very stable and can penetrate thealiood
barrief?. In addition, cellular biomarkers could be characterised bymu@cular
impurities that may affect the sensitivity of nanoprdhesiowever, cell derived
exosanes can be purified to enhance the sensitivity and specificity of nanoprobes in
targeting applications. These biophysical features make exosomes interesting scaffolds

for biomedical sensing applications.

Jiang et al. have demonstrated that gold nanaataarbon dot nanoprobes assembled on
the cancer derived exosomes can be used to titaekntracellular distribution of the
exosomes via theuorescence signal of the labdlexosomes internalized the cells™.
Zhang et al. have shown that the gold nanosgloengpled taheexosomes enhanced the
Raman scattering signal of candearived exosomes in discriminating cancer cells from
thehealthy cell$®. This approach was used to classifexosomes derived from different
cancer cells. Shao et alitiized magnetic microbeads in capturirgioblastoma
multiforme derived exosomes to analyse the mRNA levels of the exo%ofies study
found that analysing the mRNA level ofntgr exosomesoaild be a promising approach

formonitoingc ancer patientsd® response to drugs

Blood serum offers another opportunity for early diagnosis of cancer biomakers because
cancer cells release enzymes and exosomes into the blood?&t®@@mwmd serum could

be defined as a yellow fluid deriddrom blood after coagulatiotdludag et al. utilized
antibody functionalized gold nanospheres to detectoncentration &?SA inthehuman

serum for diagnosis of prostate cakelChoi et al. demonstrated th#tiorescein
isothiocyanate (FITC)/peptideonjugated gold nanoparticle biosensor amplifies
fluorescence signal upon addition of PSAAn aptasensor based on DNA aptamer
functionalized gold nanosphere adsorbtle@gold plner surface detectede level of

PSA inthehuman serufi. Ageing and urinary tract infections could induce high PSA

level in human beings; however, these may not necessarily implicate prostate cancer
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infection'?, hence, the need for alternative biomaskevith high specificity for

detecting prostate cancers.

In comparison tathe gold nanosphege the longitudinal surface plasmoesponance
(LSPR) ofthe SGNRs can be tuned to the near infrared region where biological tissue
transmission is very high, malgj the SGNRs suitable for deep tissue applicatiéhs
Moreover, the LSPR of SGNRs between 650 nm and70@veriaps the emission of
organic dyes such as cyanine 5 and 5.5 (Cy5 and Cy5.5). Thus, the fluoresuissmn
intensities of Cy5mwthe SGNR nanoprobes with LSPR in this range (6507408 nm)
could be enhanced when the dyes are in an optimal distance from the gold surface in the
hybridization stat&3!. Furthermore, overlapping the LSPR thfe GNR with the
absorption of Cy5 enhances energy transfer betwlee@y5 andthe GNRs whenthe
nanoprobes are in their initial closed states. These features are aafpaiviplifying
signal/background ratio dhe SGNR nanoprobes.In addition, it has been found that
more targets bind tthe small nanopatrticles thahelarge size naoparticles becaugbe
small size nanoparticles have largsurface area to volume rafloThus,the SGNR
nanoprobes are expected to yield higher sensitivity tthallarge gold nanorods (LGNR)
nanoprobes in deting RNA biomarkers. Previouslyhe gold nanorods nanoprobes
have been utilized in detectingirycin themessenger RNAMRNA)*® 2. A c-myc gene

is an oncogene encodedie mMRNAfrom a DNA molecule and it is reported to be ever
expressed in prostrate canéefs A mRNA is transcribed fronthe DNA in the cell
nucleus and transportedttee ribosome in the cell cytoplasm where it is translated for
thesynthesiof protein®. Recently, Mather et al. identifighleneuroendocrine long nen
coding RNA (NEARL) that is expressedireprostate cancer cell line (PC3)Targeting
theNEARL1 biomaker witlthegold nanorod nanoprobe could be an alternativecasmbr

for early diagnosis othe NEPC. Hence, the functionalization thife SGNR with the
targeting ligands to enhance the sensitivity and specificith@fjold nanoprobes for

early diagnosis of NEPC.

This chapter focuses on developithg GNR based nanopbes for detectinghe RNA
biomarkers inthe prostate cancer cells, cellular exosomes tieblood serum. The
SGNR andhe LGNR nanoprobes were functionalized wikie cmyc-Cy5-hpDNA and
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the LINC261Cy5-hpDNA for targetingthe mRNAandthe NEAR1in the cancer cells,

cancer derived exosomes ahdblood serum

6. 2. Experimental section
6. 2. 1. Materials

All chemicals were used as received without further purification. Chloroauric acid
(HAUCls4, 49%), Hexadecyltrimethylammonium bromide (CTAB, 99%), Abmmacid

(AA), Sodium borohydride (NaBK 99.8%), Silver nitrate (AgN§), Dodecanethiol
(DDT, 98%), Mercaptohexanoic acid (MHA, 99.8%), Acetone (99.9%), Isopropanol
(99.5%), Toluene (99.8%) and methanol were purchased from Sigma Aldrich while
hydrochloric acid (HCL) was purchased from Fluka. Blood sera of prostate cancer
infected mouse and healthy mowsgereprovidedby Dr Francesco Crea, School of Life
and Health and Chemical Sciences, The Open University

LINC261-Cy5-hpDNA:

5 @Cy5/CTGACTTGGCTGTTGGTCTATTGGTTCACAAGTCAGAA/3THIOMC3
D/-3 0

cD N A : -TGAACCAATAGACCAACAGC-3 0The LINC261hpDNA andthe cDNA

were purchased from Integrated DNA Technologies (IDT).
C-myc-Cy5-hpDNA:
5 €y5-CTGACTTGGTGAAGCTAACGTTGAGCAAGTCAGAA-(CH2)e-HS-3 6

c DNA:CCHG@AACGT TAG CTT CAC CAA 3 drhe Gmyc-hpDNA andthe

cDNA were purchased from Sigma Aldrich.

6. 2. 2. Synthesis of gold nanorods

Two large gold nanorods (LGNRind LGNR) and small gold nanorods (SGNRvere
synthesised by a similar protocol of silversiated seed mediated growth method as

reported in section 3. 2. 2 of chaptefBe gold nanorods were centrifuged at 13000 rpm
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for 15 mirutesand resuspended in &1l of distilled water in a conventional plastic cuvette
(1 cm path length) for UWis extirction measurementhe reagents fahe synthesis of
LGNRs and SGNR are presented in table 6.1. an2l Gespectively.

Table 6.1. Thelist of reagent used to preparthe seed andthe growth solutionof the
LGNRs (LGNR and LGNR).

Reagents HAuCls | CTAB | NaBH: | AgNOs3 AA Seeds
(0.001M; | (0.2M; | (0.01M; | (0.004M; | (0.0778M; | (ml)
ml) ml) ml) ml) ml)
Seed solution 2.50 7.50 0.60 - - -
Growth | LGNR: | 100.00 100.00 | - 1.400 1.400 0.20
solution
LGNRz | 10.00 10.00 |- 0.135 0.14 0.02

Table 6. 2.The list of reagestused to prepare tlseed andthe growth solutionf the
SGNR.

Reagents| HAuCls; | CTAB | NaBH: | AgNOs | HCI AA Seeds
(0.01M; | (0.1M; | (0.01M; | (0.01M; | (1.0M; | (0.1M; | (ml)
ml) ml) ml) ml) ml) ml)

Seed 0.25 9.75 0.60 - - - -

solution

Growth | 0.50 9.00 - 0.04 0.20 0.08 1.00

solution

6. 2. 3.Ligand exchange and functionalization of gold nanorods

Ligand exchange and functionalization were performed as reported in section 3. 2. 3 of

chapter 3.
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6. 2. 4. Preparation of samples for flow cytometry measurements

A prostate cancer cell line (PC3) was chosen a®del cell line because the expression
level oftheNEAR1 andthe mRNA cancer biomakerie PC3 is high & A human kidney
cell line (HEK293) was chosen asontrol cell line because it is na@ancerous with low
expression ofhe NEAR1 andthe mRNA3% ® canceiomakers. The cells were cultured
intheDul beccobés modi fied Eagleds medium (DM
penicillin-streptomycin (5.5ml). Prior to seedinga hemocytometer was used to
determinethecell density. The PC3 arttle HEK293 cells were seeded at 5.0 X &6lls
per well in a 12well plate. The PC3 cancer cells ahe HEK293 cells were incubated
in separate wells overnight. Thells were washed ithe PBS buffer the following day
and resuspended in 1 ml gfe DMEM media. The experimental cell samples were
incubated with 0.2 nM concentrationtbie SGNRLINC261 nanoprobe anitie SGNR
MHA for 3 hours in separate wells. The d¢oml samples were equally incubated for 3
hours withoutthe nanoprobe treatment. The cells were washed eiRBS lffer and
centrifuged at 1400pm for 5 minutes. and resuspended in 1ml othe PBS buffer for
flow cytometry analysis. The samples wereited withthe638 nm excitation las using
Invitrogen Attune NXT acoustic focusingtometer (Life Technologies, Carlsbad, USA)

for flow cytometry analysis.

6. 2. 5. Extraction of exosomes

Exosomes can be extracted by various methods and thesdeindtvacentrifugation,
density gradient, and size exclusion chromatography. These methods are characterised by
low yield, low throughput and time consumthd’. Therefore, exosomes were extracted
according to a commercial exosomes extraction protod@cause of high yieldf
exosomesand its simplicity®®. Firstly, a prostate cancer cell kin(PC3) and a heathy
human kidney cell line (HEK293) were cultured separatelythe DMEM media
supplemented with foetal bovine serum (FBS, 18%g penicillinstreptomycin (5.5 ml)

in 25 cn? flask until a confluence level of >90 % was attained. Thencéfis were
washed irthePBS buffer and trypsinized to detach adherent cells. The washed cells were
later incubated iafresh FBS free DMEM media (5 ml) overnight to ensure that sufficient

amount otheexosomes released in the media originated stfictiy the cell€. The cell
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media (4 ml) wa harvested the next day into a 15 ml tube by decantation, while the cell
pellets were resuspended ia fresh FBS contained DMEhediafor future use. The 4

ml of harvested cell media were centrifuge@@Q@0g for30 minutes at room temperature

to removeresidual cells and debris. After centrifuge, the 4 ml of harvested cell media
were gently decanted into another 15 ml, while the pellet discarded. The 4 ml of harvested
cell media were mixed properly with 2 ml thfe Total Exosomes Isolation reagent and
incubated overnight at®C. After the incubation, the mixture was centrifuged at 10,000g
for 1 hour at #C to sediment the exosomes. The supernatant was discarded, while the
precipitated exosomes weregespended i@ fresh PBS buffer and stored at@ for

future use.

By a simil ar thebmpodserunhwere @ken feorn a mufmor bearing
mouse (NTM) anéprostate cancer infected mouse (PCM). The blood sertine ST M
andthePCM wer e i nc ub athedalal BExosanes Igblatiorerg¢ant ander
similar experimental conditions as above to isollagexosomes.

6. 2. 6. Determination of the concentration andhe hydrodynamic size ofthe cell

exosomes

The concentration arttie hydrodynamic size dheexosomes were determined witie
NanoSight LM10 systeniNanoSigth Ltd., Minton Park, Amesbury, Wiltshire, JIRrior

to the meas uthe@BandheHEKR283 exosomes fvere separately diluted

i n 4 ®0the #BS buffer. The temperature of the diluent was measured with a
thermocouple (Omega, HH804). The diluents were thenaesdirwith a syringe and
loaded ato the sample chamber thfe LM10 viewing unit. The exosomes were excited
with a blue laser 405 nm. Nanoparticle tracking analysis (NTA) analytical software
vergon 3.0 was used to determine the concentraimhthe hydrodynamic size athe
cellular exosomesThe screen gain and camera level on the software were set at 5.3 and

13 respectively to ensure that the camera (SCMOS) visualizes the nanopatrticle clearly.

188



6. 2. 7. Preparation ofthe PC3 exosomes anthe HEK293 exosomes for incubation
with the SGNR andthe LGNR nanoprobes.

The stock othePC3 exosomes artldleHEK293 exosomes were dilutedtirePBS buffer
to obtain @propriateconcentration ofthe PC3 exosomes artle HEK293 exosomes for
analysisThePC3 exosomes were incubated viib SGNRLINC261 andthe SGNR-c-
myc nanoprobes to detetite high expression ofhe NEAR1, andthe mRNA cancer
biomarkers respectively, whilthe HEK293 exosomes with low expression tbfe
NEAR1, andthemRNA canceibiomarkers were used as conthe PC3 exosomes and
the HEK293 exosomes each with0 x 13° particles/ml were incubated with 0.5 nM of
the SGNRLINC261 nanoprobé n 1 0 thePB$ bufef ina quartz cuvette at 3C
for 2 hours to detedhe high expression afhe NEARL. A similar concentratin of the
PC3 andhe HEK293 exosores as above were incubated witB nM ofthe SGNRc-
myc nanoprobé n 1 0 Ghe RBE buffef ina quartz cuvette at 3C for 2 hours to
detectthe high expression of mRNA.

The size effect othe GNRs on the sensitiwitof the gold nanoprobes in detectirige
NEAR1 andthe mRNA in the cellular exosomes was investigated by incubathmg
cellular exosomes witthe LGNR nanoprobes artie SGNR nanoprobes. Firstly, 0.5 nM
of theLGNR1- LINC261 nanoprobe antie SGNR LINC261 nanoprobe were incubated
with 1.0 x 130 particles/ml ofthe PC3 andthe HEK293 cells respectively n 1 0 0
thePBS buffer ilmquartz cuvette at I for 2 hours. In addition, 0.37nM tfeLGNR-
c-myc nanoprobe anthe SGNRc-myc nanoprobevere incubated with 1.0 x 10
particles/ml othe PC3 andhe HEK293 cells respectively n 1 0 the P83 bufferfin
aquartz cuvette at 3T for 2hours.In addition, the effect ahe concentration of cancer
cell exosomes on the sensitivity tife SGNR nanoprobes in detectiriige NEAR1
biomarker was investigated by incubatiagfixed amount (0.5 nM) othe SGNR

LINC261 nanoprobe with varying concentrasmi the PC3exosomes.

Furthermore1.0 x 13° particles/mlexosomes fronthe NTM andthe PCM were each
incubated with 0.5 nM ahe SGNR LINC261 nanoprobe n 1 0 heP8$ bufterf in
aquartzcuvetteat 3 f or 2 h o u rthebloodisaremoth&NTI® bndtbef
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PCM were directly incubated with 0.5 nM thie SGNR LINC261 nanoprobe n 100
of thePBS buffer inaquartz cuvette at 3 for 1 hour

6. 2. 8. Characterization of gold nanorods, nanoprobes and exosomes

The extinction spectra dhe gold nanorods covering 40100 nm wavelength was
measured witha UV-visible gpectrophotometer (Lamda 2, Perkin EImeX)scanning
electron microscopgSEM, FEI Quanta FEG 250) was used for morphological
characterization of the gold nanorods using a 30kV electron beam and bright field/dark
field scanning transmission electron detectors. Imagéivarewas used fothe size
analysis. A spectrofluorometer (Hioa Jobin Yvon Ltd., Middlesex, UK) was used to
measure the fluorescenemissionspectra at an excitation of 635 nithe fuorescence
lifetime measurement was performed with an IBH Fluorocube (Horiba Jobin Yvon IBH
Ltd., Glasgow, UK) using the tirreorrdated singlephoton counting (TCSPC) technique
as reported in section 3. 2. 7. of chapteiTBe flow cytometry measurements were
performed usingan Invitrogen Attune NXT acoustic focusingytometer (Life
Technologies, Carlsbad, USAJhe concentration anthe hydrodynamic size of the
cellular exosomes were determined watiNanosight LM10 (Nanosight Ltd., Minton
Park, Amesbury Wiltshire, UK).

6. 3. Results and Discussion
6. 3. 1. Synthesis and functionalization of gold nanorods

The UV-vis extinction spetra ofthe two large gold nanorods LGNRind LGNR: are
shown in figure 6L. The longitudinal surface plasmon resonance (LSPR)afGNR1

and the LGNR> were 660nm and 679 respectivelyhe longitudinal surface plasmon
resonance aheLGNR;andthe LGNR: shifted to 657 nm and 680 nm respectively after
theligand exchange, thus indicating a succddgjand exchange (fig. 6a). The blue
shift observed fothe LGNR; aftertheligand exchange could be due to a heating effect,
thus shortening the lengtt the gold nanorodg.he shortening of the length reduces the
aspect ratio of the LGNReading to a blue shift dheLSPR as predicted bgang Link
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and E+tSayedmodebkin equations 1.2 and 1.7 respectiVfey. The LSPR othe LGNR:-
LINC261 andthe LGNR:-c-myc- hpDNA nanoprobeswere 649 nm and 653 nm
respectivelyafter functionalization (fig.@.ab). The blue shift othe LGNR:-LINC261
nanoprobe andhe LGNR>-cmyc nanoprobe could be attributed to series of repeated
washing (centrifugation) which mighave affected the size distribution dhdLSPR of

the LGNRs nanoprobéé®,
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Figure 6.1. TheUV-vis extinction spectra ahegold nanorods; (ahe etinction spectra
of the LGNR: before, after ligand exchange and functionalization whtnLINC261-
hpDNA (b) the extinction spectra othe LGNR: before, after ligand exchange and

functionalization witithe c-myc-hpDNA.

Figure 62. shows that the LSPR thfe SGNR was 68@m after syihesis, but blue shifted

to 668 nm without a broadened peak after ligand exchange. The same SGNR sample was
separately functionalized witthe LINC261-hpDNA andthe c-myc-hpDNA as two

distinct nanoprobes. After functionalization, the LSPEhefSGNRLINC261nanoprobe

was 676 nm whilehe LSPR ofthe SGNRc-myc nanoprobe was 672 nm (fig.28:b).

The adsorption of the oligonucleotides on the gold nanorods structures, thus, enhances
their targeting abilities and stabilizes the nanoprobes from nuclease ategrafbr

potential application in complex biological systéfi&.
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Figure 6.2. TheUV-vis extinction spectra adhegold nanorods; (aheextinction spectra
of the SGNR before, after ligad exchange and functionalization withe LINC261-
hpDNA and (b)the extinction spectra ofthe SGNR before, after ligand exchange and

functionalization withthe c-myc-hpDNA.
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The SEM images of the synthesized LGN&d SGNR are shown in figures 6-13a
resgectively. It can be observed that the length of LGMRonger compared to SGNR.
In addition, the width of LGNRs broader compared tbat of theSGNR. In general, the
size oftheLGNR: is larger compared tihe SGNRas expected

mag @ | HY [spot| WD pressure | mode | tilt mag - HV spoff WD  pressure mode filt — 100 nm —
260 000 % 30.00 kV| 3.0 11.7 mm|1.38e-5mbar| B |-0°| University of Strathclyde [N260 000 x30.00 kV 3.0 14.2 mm7.52e-8 mbar B -0°  University of Strathclyde

Figure 6.3. SEM images of (a)GNR;and (b) SGNR.

Table 63. displays the dimensisf the LGNR;, LGNR>, andthe SGNR samples. The
dimensiors of the LGNR: andthe SGNR samples were determined by ImageJ software
from the SEM images above whildne dimensions ofGNR. was determined frorthe
calibration curve shown in fig. 2 of appendix 2. The average lengtthaatderage width

of LGNR: were found to be 38°Z2.0 nm and 11°32.7 nm respectively. While the
average length artleaverage width of SGNR were found to bel?$.4 nm and 5.21.3

nm respectively. The histograms showing the distribution of the lengtthamddth of
LGNR:and SGNR are presented in appendix 3. The average lengtreaveérage width

of LGNR> sample obtained bg calibration curve shos37.26.4 nm and 11.22.5 nm
respectively.
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Table 63. The dimensions ahelarge andhesmall gold nanorods.

Samples LSPR (nm) Length (nm) Width (nm)
LGNR: 660 38.27.0 11.1°2.7
LGNR2 679 37.26.4 11.225
SGNR 680 18.1°5.4 5.21.3

6. 3. 2. Fluorescencemaission intensities and lifetimes of the LINC261-nanoprobe

and the c-myc-nanoprobe immobilized onthe gold nanorods

The performance athe LINC261-nanoprobe anthe c-myc-nanoprobe was evaluated
using both steady state and timesolved fluorescence speaxgcopies. All the nanoprobes
were excited at 635 nm to measutee fluorescence emission intensity usirg
spectrofluorometer. The nanoprobes were incubated thighcomplementary DNA
(cDNA) in the ratio 1:1000. The fluorescence emission spectra of tlopruoes before
and after addinghe cDNA are displayed in fig. 8. It can be seen that the fluorescence
emission intensity ahe LGNR:-LINC261 nanoprobe anthe LGNR>-c-myc nanoprobe
increased by 2.4 fold and 1.8 fold respectively attgbridization, hus, indicating that
the targeting sequences in the hairpin DNA (hpDNA) bind to the complementa
sequences ofhe targets (fig.64ab). Similarly, it can be seen that the fluorescence
emission intensities dhe SGNRLINC261 nanoprobe anithe SGNR-c-myc ranoprobe
increased by 3.7 fold and 2.1 fold respedyivegter hybridization (fig. 8lc-d). This is
because the fluorescence emissions of the nanoprobes were quenchetthelsertace
plasmon (SP) enhanced energy transfer to the gold nanorods in theeabkeéargets.
However, the fluorescence emission intensity of the nanoprobes increases after
hybridization. This indicates that the fluorescence emission intensitigseojold
nanorods nanoprobes are determined by the interaction of the fluorophibrésegold

nanorods surface and the rate of hydriz&tidh*.
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Figure 6.4. The fuorescence emission spectratud gold nanorods nanoprobes before
and afte hybridization at 2 hours incubation; (a) LGNRINC261 nanoprobe, (b)
LGNR2-c-myc nanoprobe, (c) SGNRINC261 nanoprobe, (d) SGNBmyc nanoprobe.

Table 64. shows the ratio dfuorescence emission intensitiesthe LGNR1-LINC261,
LGNR2-c-myc, SGNRLINC261 andhe SGNR-c-myc nanoprobes with and withathie
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cDNA. In comparison, the fluorescence emission intensity increadbec$GNR
LINC261 nanoprobe (3.7 fold) is higher than thattioé LGNR:-LINC261 nanoprobe
(2.4 fold). Similarly, the fluorescence &sion intensity increase dfie SGNRc-myc-
Cy5-hpDNA nanoprobe (2.7 fold) is higher than 1.8 foldh&LGNR2-c-myc nanoprobe.
This could be attributed tthe higher packing densitgf hairpin DNA on the SGNRs
surfacedue tothe high surface curvature tfe SGNRs and the large ratio tife surface
area to volume ahe SGNRs. It has been reported ttteg DNA molecules bind more to

a curved surface thaon a flat surface; anthe surface curvature increases as the size of
the gold nanoparticle decreaSes Moreover, Wei et al. have demonstrated that
fluorescence intensity othe GNR nanoprobe increases withe hpDNA packing
density’?, hence, the higher increasestbé fluorescence emission intensities the
SGNR nanoprobes than thattbé LGNRs nanoprobes. In addifi, it has been reported
that targets from the surrounding environment bind motee¢small size nanoparticles
thanthelarge size nanoparticles because the small size nanoparticle have larger surface
area to volume ratf8 for enhanced binding othe targets leading tcathe higher

fluorescence intensity increase than the large size nanopatrticles.

Table 64. The ratio ofthefluorescence emission intensitiglsthe LGNR1-LINC261,
LGNR2-c-myc, SGNRLINC261 andthe SGNRc-myc nanoprobes with and without
thecDNA.

Sample The mtio of fluorescence emission intens
with and withoutthe cDNA (fold)

LGNR:-LINC261 nanoprobe 2.4
SGNRLINC261 nanoprobe 3.7
LGNR2-c-myc nanoprobe 1.8
SGNRc-myc nanoprobe 2.1
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To evduate the performance dhe LGNR2>-cmycnanoprobe andhe SGNRcmyc
nanoprobe, the fluorescence lifetimes tbe freeecmycCy5-hpDNA (i.e. without
assembly nto GNRs) was meared asthe reference.  Figure Bab shows the
fluorescence decays difie free cmycCy5-hpDNA, LGNR>-cmychanoprobe andhe
SGNRcmycnanoprobe irthe closed state (before hybridization) atie opened state
(after hybridization)while the fittings of the fluorescence decay curves of the free Cy5
c-myc-hpDNA, LGNR.-c-myc nanoproberad SGNRc-myc nanoprobe are presented in
figure 4 of appendix 5The fluorescence decaystbe LGNRz-cmycnanoprobe anthe
SGNRcmycnanoprobe were faster prior to hybridization than those after hybridization
because the Cy5 fluorophore on the nanoprabmses away fronthe GNR surface upon
hybridization withthetargets This resultsn a longer fluorescence decay time in the case
of the LGNR2-cmyc-nanoprobe anthe SGNRcmycnanoprobe respectivelwhich is
consistent with their fluorescence intensitgrease. In comparison, the fluorescence
decay otheSGNRcmycnanoprobe after hybridigan is longethan that othe LGNR>-
cmycnanoprobe (fig.6.5b) indicating a longer fluorescence decay time for Cyte in
SGNR based nanoprobes than thahal GNR based nanoprobe after hybridization.

1000
a
Prompt
Free c-myc-Cy5-hpDNA
1000 Free-c-myc-Cy5-hpDNA-cDNA
=
o
=
+= 100
>
o
o

10

P> oo pomp me

10 20 30 40
Time (ns)

199



10000 e Prompt b
—~ * LGNR2-c-myc-nanoprobe
8’ 1000 * SGNR-c-myc-nanoprobe
1 LGNR2-c-myc-nanoprobe-cDNA
N—’ ® -C- - -
— 100 SGNR-c-myc-nanoprobe-cDNA
-
3

10
o D} [ J o o000
1 T
O 10 20 30 40
Time (ns)

Figure 6.5. The fuorescence lifetime decsgf; (a) free emyc-Cy5-hpDNA, (b) LGNR-

c-myc nanoprobe and SGN&myc nanoprobe.

Table 65. shows the fluorescence lifetimestloé free cmyc-Cy5-hpDNA , LGNR-c-

myc nanoprobe anthe SGNRc-my ¢ nanopr obiéd sthenot ¢@rigey i the
| i f et i sfsatteringncdntribtlition from gold core) respectively in both closed and
opened states. The freeyccCy5h p DNA s hows a j)of0d7rnsandaf et i
| ong | b)bfd.g2 nmie the cldsed state. The short lifetime could be due to-photo
induced electron transfer frothe Cy5 fluorophore to the nucleotide bases. It has been
reported thatenergy transfer frorthefluorophore tahenucleotide bases could occur by
photeinduced electron transfer when both the fluorophorethadases are in closed
proximity*> °°, hence the shorter lifetime of Cy5 ime free emyc-Cy5-hpDNA.
However, after hybridization (i.e. opened state) whtcomplementary sequence, both

the ( (0.62 ns) andhe (3 (1.65 ns)increased respéeely. The average fluorescence
lifetime, tlincrease from 1.34 ns to 1.54 ns after hyiratdon with the cDNA indicating

binding with the complementary sequence.
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The average fluorescence lifetimes of all the nanoprobes in both states were calculated
excl udi ng t h es Piw to hybridibation, the averagé fluddescence lifetimes
(TF of the LGNR2>-c-myc nanoprobe was 1.14 ns whilbat of the SGNRc-myc
nanoprobe was 1.18 ns. (table 6.5). Both (1.14 ns and 1.18 ns) were shorter than the
average fluorescence lifetime of free cr@g5-hpDNA (1.34 ns) prior to hybridization.

The apparent reduction of the average fluorescence lifetimes of @y&LIGNR>-c-myc
nanoprobe anthe SGNRc-myc nanoprobe is due to the strong SP enhanced energy
tranderred from the Cy5 to the GNR whetheCy5 is in close proximity tthe GNRS?.

After hybridization, the average fluorescence ilifets of Cy5 inthe LGNR2 nanoprobes
increased to 1.22 ns atitht of theSGNR nanoprobes increased to 1.31 ns, indicating the
opening ofthe hairpins.  However, both are shorter in comparison to the average
fluorescence lifetime of free cry@y5-hpDNA (154 ns). This suggests that not thk
hairpins onthe GNRS are opened as reported beforélevertheless, the apparent
increases in the average fluorescence lifetime upon hybridization are consistent with the
fluorescence intensity increases observedre&fé.

Similarly, the average fluorescence lifetimds) (©f the LGNR:-LINC261 nanoprobe
increases from 1.11 ns to 1.27ns as expected. Interestingly, the average fluorescence
lifetime of the SGNRLINC261 nanoprobe decreases from 1.03 ns to 0.89 ns after
hybridization (table 6. 6). The intensity measurenteag observea 3.7 fold increase

after hybridization of this naprobe (table @.), the highest among dle nanoprobes.

This suggests that the decreaseshimaverage lifetime is not due to a failure toke
nanoprobe functioning @uenching othefluorescence. Instead, this coblel due tahe

surface plasmon enhanced fluorescence. When surface plasmon resonance overlaps with
the emission wavelength anlde Cy5 is at an optimal distance frotine gold surface,
coupling ofthe SP withthe Cy5 could mdlify the emission rate resulting mfaster
fluorescence decay and shorter lifettfé. The fittings of the fluorescence decay curves

of the LGNR-LINC261 nanoprobe and the SGNIRNC261 are presented in figure 5 of
appendix 5.
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Table 65. The fluorescencefetimes ofthe LGNR2-c-myc nanoprobe, artie SGNR-c-

my ¢

n a n gfiped at 0.%(0.01 ns) channel.

Sample

d (ns)

B1
(%)

(3 (ns)

B2
(%)

(ns)

Bs
(%)

(ns)

Freec-
myc-
hpDNA

0.570.02

20.97

1.420.01

79.(8

1.34

1.2

Freec-
myc-
hpDNA-
cDNA

0.620.02

25.23

1.65°0.00

74.77

1.54

1.02

LGNR2-c-
myc

nanoprobe

0.31°0.02

7.20

1.28°0.02

10.53

0.01

82.27

1.14

1.06

LGNR2-c-
myc
nanoprobe
-cCDNA

0.36°0.03

5.66

1.31°0.01

14.38

0.01

79.96

1.22

1.00

SGNRc-
myc

nangrobe

0.41°0.04

5.69

1.320.02

10.00

0.01

84.32

1.18

1.08

SGNRc-
myc
nanoprobe
-cDNA

0.36°0.01

22.36

1.540.01

21.34

0.01

56.30

1.31

1.08
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Table 66. The fluorescenceifetimes of the LGNR1-LINC261 nanoprobe, anthe
SGNRLINC261 nanoprbe  fixed at 0.5 channel (0.01 ns).

Sample Q (ns) Bi | Q(ns) B [G [Bs [t(ns)|&
(%) (%) | (ns) | (%)

LGNRs- 0.320.02|6.86 | 1.3°0.02|6.99 | 0.01 | 86.15|1.11 | 1.00
LINC261

nanoprobe

LGNR:- 0.330.01|12.84| 1.470.02| 13.44|0.00 | 73.71|1.27 | 1.05
LINC261
nanoprobe
cDNA

SGNR 0.370.01| 10.93| 1.36°0.03| 6.04 | 0.01 | 83.03| 1.03 | 1.03
LINC261

nanoprobe

SGNR 0.36°0.01| 32.86| 1.30°0.02| 11.61| 0.01 | 55.53| 0.89 | 1.03
LINC261
nanoprobe
cDNA

6. 3. 3. Detection othe NEAR1 cancerbiomaker in the PC3 cells

Flow cytometry was performed usirthe SGNRLINC261 nanoprobe to detethe
NEAR1 cancerbiomaker inthe PC3 whilethe HEK293 cells serves ascontrol. The
fluorescence emissiantensityfrom the flowing cells was determined from thendity

plot andthe histogram plat The density plot wasepresenby the side scatter (SSC)
intensity on vertical axiandthe forward scatter (FSC) intensity on the horizontal axis.
The SSC describes the complexity of the cells wthilkeFSC is proportional to the
hydrodyramic size of the ceff& A polygon gate denoted by R1 was inserted in the
density plot © analyse the fluorescence intensitytlod cell population of interest. In
addition tothe density plot,the histogram plot was used to represent the fluorescence
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intensity ofthe gated cell popuaition denoted by R2. Figure66shows the density plot
ard the histogram plot othe gated cell population. It can be seen from gate R1 that the
mean fluorescence intensity tiie PC3 cells treated withthe SGNRLINC261
nanoprobe is 37, 232 higher than 262l SGNRMHA treated PC3 celland 340 of
the PC3control (fig. 66a). Furthermore, gate R2 shows that 19, 972 otitedbtal

cell count (20, 000) othe SGNRLINC261 nanoprobe treated PC3 cells have 37,283
mean fluorescence intensity, while 56 of the 20, 000 cetlle8GNRMHA treated
PC3 cek have 1,925 mean fluorescence intensity and 82 of the 20, 000 abksPdai3
control have 19,563 mean fluorescence intensity. Cletiud®y?C3 cells treated witthe
nanoprobe have higher fluorescence intensity thae®GNRMHA treated PC3 and the
control. The significantly enhanced fluorescence intensity from the SGINR261
nanoprobe treated PQlls is due to théigh expression rate dhe NEAR1 cancer
biomaker inthe PC3 cells, that is consistent witieprevious repoft. Figure 6.6b shows
that the mean fluorescence intensitytltid HEK293 cells treated witlthe nanoprobe,
SGNRMHA andthecontrol. Gate R1 shows that the mean fluorescence intenghg of
SGNRLINC261 nanoprobdreatedHEK293 is 15, 284 higher than 114 for bdtie
SGNRMHA treated HEK293 cells anithe HEK293 contrd In addition, gate R2 shows
that 19, 900 out of 20, 000 cellstbe SGNRLINC261 nanoprobe treated HEK293 cells
have 15, 358 mean fluorescence intensity, while 8 of the 20, 000 c¢fie BGNR
MHA treated HEK293 cells have 3, 822 mean fluorescerteasity and 9 of the 20, 000
cells oftheHEK293 control have 5, 648 mean fluorescence intensity. In comparison, the
mean fluorescence intensitytbe PC3 cells treated witthe SGNR-LINC261 nanoprobe

is twice higher thanthat of the HEK293 cells treatedvith the SGNRLINC261
nanoprobe. This is due the higher expression dhe NEAR1 cancerbiomaker inthe
PC3 cells compared tine HEK293 cells, thus, leading ®strong fluorescence signal
fromthePC3 cells. This result demonstrates the ability o8B&IR LINC261 nanoprobe

to descriminat@ neuroendocrine prostate cancer cells from a healthy cells.
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Figure 6.6. The dcensity plot and histogram plot die PC3 cells andhe HEK293 cells
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nanoprobePC3 cellssSGNRMHA-PC3 cells/PC3 cells control,

(b) SGNRNC261

nanoprobeHEK293 cells/SGNRVIHA-HEK293 cells/ HEK293 cells control.
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6. 3. 4. Determination of the concentration anthe hydrodynamic size ofthe cellular
exosomes

The concentration dheexosomes in suspension could be a very important parameter for
diagnostic applications. It has been observed thatexidsomes/ml can be found in about
100¢ | bloofiserunt?. The concentration of the cellular exosomes was determined by
the NTA software by counting the number of exosomes capturatiecoMa nosi g ht
SCMOS cameraWhile the hydrodynamic size of the exosomes was determined by
tracking the trajectory of thexosomes undergoirgBrownian motion to the centre of
theexosomes. Then, the NTAfsware automatically determindse diffusion coefficient

of theexosomes and computdee hydrodynamic size according to equation 2.The
concentration ofhe PC3 cdlular exosomes was found to be 1.60Xparticles/ml, while

the concentration othe HEK293 exosomes was found to be 1.76 *'Yarticles/m)
Figure 67a displaying the hydrodynamic size tbie PC3 cellular exosomes shows a
dominant particle size of 1ftim anda smaller fraction of 425 nm and 665 nm larger
size particles. The larger size particles could be dubegexosomes aggregation and
other macromolecules. On the other hand, the distributidhedfydrodynamic size of

the HEK293 cellular exosonseshows a dominant particle size of 45 nm mixed with 175
nm larger size particles (figure®). The size othe PC3 cellular exosomes artde
HEK293 cellular exosomes measured are in agreementtidgtprevious studigé*® 17

3. % The size distribution ofhe PC3 cellular exosomes artde HEK293 cellular

exoomes are displayed in figurere.
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Figure 6.7. The distribution ofthe concentration anthe hydrodynamic sizef the (a)

PC3 cdular exosomes, (b) HEK293 cellular exosomes.

6. 3. 5. Detection othe mRNA and the NEAR1cancerbiomarkers over-expression
in the PC3 exosomes witlthe LGNR and the SGNR nanoprobes.

Since cancer cells secrete exosomes at the early stage, cellular exosena extracted
from PC3 cell line, and HEK293 cell line to detéee MRNA cancerbiomarker over
expressed irthe cell-derived exosomes. Figure86.shows the fluorescence emission
intensity ofthe LGNR2-c-myc nanoprobes antie SGNRc-myc nanoprobesicubated
with the cellular exosomes. It can be seen that fluorescence intensity dfoth
nanoprobes increased after 2 hours of incubation WeéhPC3 cellular exosomes
respectively. The fluorescence emission intensitythedf LGNR2>-c-myc nanoprobe
incubded with the PC3 cellular exosomes is slightly higher thiwe LGNR2-c-myc
nanoprobe withouthe PC3 cellular exosomes (fig. &). On the other handhe
fluorescence emission intensity tfe LGNR2-c-myc nanoprobe incubated witihe
HEK?293 cellular exosmes was similar tahe LGNR2-c-myc nanoprobe withouthe
HEK293 cellular exosomes (fig. &). The ratio othe fluorescence emission intensity

of the LGNR2-c-myc nanoprobe incubated withe PC3 cellular exosomes is 1.39 fold
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higher than 1.02 fold othe fluorescence emission intensity tdie LGNR2-c-myc
nanoprobe incubated withe HEK293 cellular exosomes (tig6.7.). Furthermore he
fluorescence emission intensity thie SGNR-c-myc nanoprobe incubatedth the PC3
cellular exosomes is higher th#mt of the SGNRc-myc nanoprobe withduhe PC3
cellular exosomes (fig 8¢c). On the other hanthe fluorescence intensity tfe SGNR
c-myc nanoprobe incubated withe HEK293 cellular exosomes was similar ttoe
SGNRc-myc nanoprobe withouhe HEK293 celular exosomes (fig. 8d). The ratio of
the fluorescence emission intensity thle SGNR-c-myc nanoprobe incubated withe
PC3 cellular exosomes is 2.43 fold higher than 1.00 folth@ffluorescence emission
intensity ofthe SGNRc-myc nanoprobe incubatewvith the HEK293 cellular exosomes
(table 67.). The higher fluorescence emission intensity observed forthettGNR,-c-
myc nanoprobe andhe SGNRc-myc nanoprobe withthe PC3 cellular exosomes
compared tdhe HEK293 cellular exosomes could be duethe overexpression of ¢
myc gene inthe mMRNA of PC3 cellular exosomé$ *. In contrast, the fluorescence
emission intensity othe SGNRc-myc nanoprobe witlihe PC3 cellular exosomes is
enhanced by 2.43 fold motiean 1.39 fold of the fluorescence emission intensitthef
LGNR2-c-myc nanoprobe ashown in fig 6.8e and table /. respectively. The
enhancement of the fluorescence emission intensityeg@GNR-c-myc nanoprobe with
the PC3 cellular exosomes comparedhe LGNR2-c-myc nanoprobe could be dtea
higher uptake ofhe SGNRc-myc nanoprobe bthe PC3 cellular exosomes. The size of
the SGNRc-myc nanoprobe is smaller compared to the sizéhefLGNR2-c-myc
nanoprobe, hencéé higher uptake dhe SGNRc-myc nanoprobe.
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Figure 6.8. The fuorescencemission spectra dhe LGNRz-c-myc nanoprobe anthe

SGNRc-myc nanoprobes incubatedtivthe PC3 andhe HEK293 cellular exosomes 2

hours; (a) LGNR-c-myc nanoprobe and PC3 exosomes, (b) S&NRyc nanoprobes

and PC3 exosomes, (c) LGMB-myc nanoprobe and HEK exosomes, (d) SGiNRyc

nanoprobes and HEK exosomes and (e) Lablyc nanoprbe-PC3 exosomes and

SGNRc-myc nanoprobé€>C3 exosomes.

Table 67. The ratio ofthe fluorescence emission intensitie$ the LGNR2-c-myc

nanoprobe anthe SGNRc-myc nanoprobe incubated withe PC3 andthe HEK293

cellular exosomes.

Sample The mtio of fluorescence
emission intensity increases
PC3 cellular HEK293 cellular
exosomes | exosomes (fold)
(fold)

LGNR2-c-myc nanoprobe | 1.39 1.02

SGNRc-myc nanoprobe | 2.43 1.00
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Cancer derived exosomes manifest various biom&két&, thus, cellular exosomes
positive for NEAR1 biomakewere extracted fronthe PC3 cell ling while cellular
exosomes negative for NEAR1 biomaker wereaektd fromthe HEK293 cell line ag
controlfor eaty diagnosis of NEPC. Figure®.shows the fluorescence intensitedghe
LGNR:-LINC261 andthe SGNRLINC261 nanoprobes incubated with the cellular
exosomes. It can be seen thatflaerescence emission intensities both nanoprobes
increased after 2 hours of incubation with the B€lRilar exosomes respectively. On the
contrary, no significant fluorescence emission intensity increment was observed after 2
hours of incubating both nanoprobes (LGNENC261 nanoprobe and SGNRNC261
nanoprobe) witlthe HEK293 cellular exosomes respgely. This could be an indication

that boththe LGNR:-LINC261 nanoprobe anthe SGNRLINC261 nanoprobe are
sensitive tothe NEAR1 biomaker that is highly ovwexpressed irthe PC3 cellular
exosomes. Table &. shows that the ratio dlfie fluorescence imnsity ofthe LGNRs-
LINC261 nanoprobe witthe PC3 cellular exosomes increase by 1.34 fold, wthag of

the SGNRLINC261 nanoprobe witlthe PC3 cellular exosomes increase by 2.11 fold.
Clearly, the fluoresence intensity increase tfie SGNRLINC261 namprobe withthe

PC3 cellular exosomes is significantly higher than the fluorescence intensity increase of
the LGNR:-LINC261 nanoprobe witlthe PC3 cellular exosomes. This could be due to
the large amount ofthe SGNRLINC261 nanoprobe uptaken hbiphe PC3 cdular
exosomes in comparison the LGNR1-LINC261 nanoprobe, thus leading achigher
fluorescence intensity. It is very interesting to note that fluorescence intenghge of
SGNRLINC261 nanoprobe witthe HEK293 cellular exosomes remains unchange after

2 hours as shown in table&.and fig.8b. These results clearly demonstrate that

small gold nanorods nanoprobes have better sensitivity in detéioNEAR1 cancer
biomaker inthe neuroendocrine prostate cancer exosomes compared to the large gold

nanorod nanoprobes.
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Figure 6.9. The fuorescence emission spectratuggold nanorods nanoprobes witte
cellular exosomes for 2 hours; (a) LGNRNC261 with the PC3 andthe HEK293
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cellular exosomes, (b) SGNLINC261 nanoprobes witlthe PC3 andthe HEK293

cellular exosomes.

Table 68. The ratio ofthefluorescence emission intensity increastthe LGNR-c-
myc nanoprobe anithe SGNRc-myc nanoprobe incubated witihe PC3 andhe
HEK293 cellular exosomes maectively.

Sample The mtio of fluorescence intensit
increases
PC3 cellularf HEK293cellular
exosomes exosomes (fold)
(fold)

LGNR1-LINC261 nanoprobe | 1.34 1.15

SGNRLINC261 nanoprobe | 2.11 1.07

Furthermore, the efficacy tie SGNRLINC261 nanoprobeni detecting NEARTancer
biomaker was evaluated by incubatinige SGNRLINC261 nanoprobe withthe
exosomes extracted frotineblood serum o prostate cancer infected mouse (PCM) and
that of thenontumor bearing mouse (NTM). Figure 1. displays the florescence
emission intensity ofthe SGNRLINC261 nanoprobe incubated withe PCM andthe
NTM exosomes. The fluorescence emission intensiti@SGNRLINC261 nanoprobe

in the PCM exosomes was apparently increased in comparison to thattfirem
nanoprobs control andhe PCM exosomes control. Moreover, the 2. 2 fold increase in
the intensity ofthe SGNRLINC261 nanoprobe irthe PCM exosomes againshe
nanoprobes control is higher than 1.7 fold increase of the same nanoprtiesTiM
exosomes. This cdirms the capability othe SGNRLINC261 nanoprobes in detecting
theNEARL1 target irthe bloodserum derived exosomes. Moreowbe SGNRLINC261
nanoprobe was directly applied tthe blood serum othe PCM andthe NTM and
incubated for 1 hour. It wasdind that the fluorescence intensitytled SGNRLINC261
nanoprobe ithe PCM blood serum increased by 3.0 fold in comparisdahéoanoprobe

control, which is clearly higher thahe 2.2 fold increase ahenanoprobes ithe NTM
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blood serum againghe control as shown in fig. 6.10b. Further study is meetb
investgate the influence of incubatioime on the fluorescence intensity change.
Nevertheless, this preliminary results suggeststtt@BGNRLINC261 nanoprobe has
the capacity to descriminabetween aNEPC infected mousanda healthy mouse ithe

blood serunand blood serum derived exosomes
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Figure 6.10. The fuorescenceemission spectra adhe SGNRLINC261 nanoprobes
targetingNEAR1 cancer biomaken the blood serum; (a) SGNHRRINC261 nanoprobe
incubated witithe PCM andthe NTM blood serum exosomes fohdurs andlf) SGNR
LINC261 nanoprobe incubated witlie PCM andthe NTM blood serum for 1 hour

6. 3. 6. Correlation of the fluorescencemissia intensity of the SGNR-LINC261

nanoprobewith the exosomeconcentration

To investigate the influence dhe PC3 exosome concentration on the fluorescence
emission intensity of the SGNRLINC261 nanoprobes, 6.93 x 40 1.00 x 18°
particles/ml of exosomwere incubated witla fixed 0.5 nM of the SGNRLINC261
nanoprobes. Table &f appendix 3 shows the fluorescence emission intensitheof
SGNRLINC261 nanoprobe wittheexosome concentration. Figuré. shows that the
fluorescenceemissionintensity d the SGNRLINC261 nanoprobe increases as the

concentration othe PC3 cellular exosomes increases indicating the abilityegBGNR-
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LINC261 nanoprobe to detetiie NEAR1 biomaker at different concentrationstbé
PC3 cellular exosomes.

—~ 9.00E+04

8.00E+04

7.00E+04

6.00E+04

5.00E+04

Fluo. emission intensity (a. u

4.OOE+O41I'"'I""I""I""I""I"
0 2 4 6 8 10

Concentration of PC3 exosomes (LogQ)

Figure 6.11. The effect othe concentration othe PC3 cellular exosomes on the
sensitivity ofthe SGNRLINC261 nanoprobe.

6. 4. Conclusion

Early diagnosis of prostate cancer is very essential for successful treatment of prostate
cancer. This objective can only &ehieved if roburst techniques are exploited to identify
and targethe prostate cancer biomakers with high specificity and sensitivity at the early
stage ofthe tumorigenesis. By assembling targeting ligandstio& gold nanorods
nanostructure, it is demetrated thathe gold nanorods nanoprobes can be utilized
detecing biomakers associatedtfze prostate cancer cells. In addition to ultilizing cancer

cells as models for detecting cancire cancer cell derived exosomes ahe blood
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serum exosomeseasecreted at the early stagegh@tumor, therefore, exosomes can be
utilized as alternative models ftireearly diagnosis of prostate cancer. For facile and real
time detectionthe blood serum of prostate cancer infected mouse incubatedthvath
SGNR nanoprobes can be used to detect prostate cancer. Flow aytcametysis
revealed thathe fluorescence intensity of PC3 cells treated WwWthSGNRLINC261
nanoprobes is higher thahat of the HEK293 cells treated with the same nanoprobe
under similar experimental conditions. Furthermorehe fluorescence intensity
measurements revealed that bibthsmall andhelarge gold nanorods nanoprobes were
uptaken bythe PC3 derived exosomes. The fluorescence intensith@émall nanorods
nanoprobes inculbed withthePC3 derived exosomes is more enhanced compatieatto

of the large gold nanorods nanoprobes.
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Chapter 7
Summary and conclusion

Small gld nanorods (SGNRs) have been demonstrated in various biomedical
applications due to their fascinating features such as large absorption and scattering
crosssections, enhanced heat generation for photothermal applications, photostability,
biocompatibiliyy, deep tissue penetration, tunable size and shape. Utilization of these
features requires synthesis of stable SGNRs for biomedical applica#isgstematic

study on the growthanditions was carried out aadeliable method has been developed

for thesynthesis of stable SGNRs with good control over size and shape, and high yield
of rods. These SGNRs were successfully functionalized with hairpin DNA (hpDNA) for
targeting messenger RNA (mMRNA).

It is found that he peaks of the extinction spectra detered by experimental study
matched well with that predicted by Gans modiak extinction crossection of bottthe
SGNRs andhe LGNRs is enhanced as the longitudinal surface plasmon resonance
overlaps the incident wavelengtfhe SGNRs andhe LGNRs experienced a blue shift

of longitudinal surface plasmon resonance in agarose gel media; the blue shift is more
significant for the LGNRs comparedttte SGNRs. The concentration of agse gel has
significant influence onhie longitudinal surface plasmaasonance of gold nanorods.
Moreover, this work investigad the influence ahe size of gold nanorodsd media on

their photothermal effest Theoretical calculation revealed thhe SGNRs have higher
photothermal efficiency thathe LGNRs in solution.However, experimental study
revealed thathe SGNRs genated slightly more hedhan the LGNRst off-resonance
illumination, while the LGNRs generated more heat tthe SGNRs at plasmon
resonance excitation solution Neverthelesgshe SGNRs generated more heat titam

LGNRs when both are in gel mediatleclose tacell enviroment.

Cancer cells manifest multiple biomarkers both on the cell membrane and in the cell
cytoplasm. Thusthe SGNRs andhe LGNRs have been functionalized with B3C
aptamer probes for targeting EpCAM osexpression on the cell membrane of cancer
cells of epithelia origin. Microscopic imaging revealed tha&SYL3C aptamer based
SGNRs nanoprobes bind on the cell membrane of EpCAMex@essed cancer cells.

The aptamer functionalizedSGNRs based nanoprobes were found to have higher
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photothermal effect in cancer cells compared to the aptamer functionalized LGNRs
nanoprobes. Furthermore, theSGNRs andthe LGNRs were functionalized with
LINC261 hairpin DNA for tageting neuroendocrine long naoding RNA 1 (NEAR1)
biomarker inthe cells andthe exosomesThe SGNRs based nanoprobes were found to
be more sensitive thathe LGNRs based nanoprobes in detecting NEAR1 cancer

biomarker in cells and exosomes.

In conclusim, this work has demonstrated the synthesis and functionalization of stable
SGNRs based nanoprobes for detecting cancer biomarkers. The nanoprobes have
demonstrated capacity to detect cancer biomarkers and strong photothermal effect to treat
cancer diseasélowever, quantification ahe packing density of hpDNA molecules on

the SGNRs andhe LGNRs was not investigatedh&acterization ofthe gold nanorods
nanoprobes ia mousenodel wasnot explored in this work.ther research is urgently
needed to qudify the effect ofthe packing density of hpDNA moleculessembledn

both the SGNRs antthe LGNRs nanoprobes efficiencyFuture work is planned tiest
theSGNRsLINC261nanoprobesnclinical samples surcas blood serum from a prostate
cancer patientrad a nonprostate cancer patientascertain the specificity and sensitivity

of thesenanoprobes itargeting cancer biomarkers atinical samples
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Appendix 1

Histogram of the length and width distribution of the small gold andthe large

nanorods
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Appendix 2
Calibration curve of the SGNRs and the LGNRs, blue shift at varying

concentrations of TBE buffer and water agarose geknd the temperature profiles
of SGNRs and LGNRsin water and agarose gel
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Figure 2. Standard calibration curve of the dimensions of LGNRs
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Temperature profile of the SGNRs andthe LGNRs excited at different wavelength
in water and agarose gel

Table 1a Normalised temperature profile of SGNRs excited at different wavelength in

water.

Time Temperature®C)

(mins.) | Excitation:715nm Excitation: 750nm Excitation:800nm
(2.74+0.16W/crf) 2.74+0.16W/crh (2.74+0.16W/crf)
S720 | S754 | S817 | S720 | S754 | S817 | S720 | S754 | S817
2 25.05| 25.11 | 22.96 | 23.05 | 23.10| 22.90 | 22.57 | 22.87 | 22.96
4 28.15 | 28.52 | 26.27 | 26.35 | 26.65 | 26.20 | 25.23 | 26.27 | 26.27
6 30.23 | 30.71 | 28.24 | 28.50 | 29.00 | 28.10 | 27.01 | 28.83 | 28.24
8 31.72 | 32.41 | 29.57 | 30.05 | 30.95|29.70 | 28.83 | 30.70 | 29.57
10 32.89 | 33.69 | 30.51|31.25 | 32.40|30.75 | 30..41| 32.08 | 30.57
12 33.05|34.60 | 31.24 | 32.25 | 33.40 | 31.60 | 30.01 | 32.87 | 31.24
14 33.48 | 33.85|31.83|32.90 |33.55|32.10 | 31.10 | 33.31 | 31.83
16 33.69 | 34.01 | 32.13 | 33.30 |33.40|32.05 |31.79 | 33.17 | 32.13
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Table 1b. Normalised temperature profile of LGNRs excited at different wavelength in

water.

Time | Temperature®C)

(mins.) | Excitation:715nm Excitation: 750nm Excitation:800nm
(2.74+0.16W/crf) 2.74+0.16W/crh (2.74+0.16W/crf)

L719 | L755 |L816 |L719 |L755 |L816 |L719 |L755 |L816
2 2543|2457 | 22.71 | 23.40 | 24.10 | 22.55 | 22.27 | 22.52 | 23.95
4 29.59 | 27.40 | 23.94 | 27.10 | 27.50 | 24.75 | 24.99 | 25.63 | 27.40
6 32.52 | 29.53 | 24.89 | 29.45 | 30.00 | 26.75 | 26.76 | 27.84 | 29.96
8 34.22|30.92 | 25.80 | 31.15 | 32.10 | 28.40 | 27.99 | 29.52 | 31.54
10 35.72| 31.72 | 26.44 | 32.05 | 33.30 | 29.45 | 28.83 | 30.60 | 32.87
12 35.72| 30.71 | 26.76 | 32.55 | 34.20 | 30.40 | 29.42 | 31.00 | 32.82
14 35.13 | 31.88 | 26.55 | 33.10 | 35.20 | 30.30 | 29.57 | 30.50 | 33.12
16 36.41| 32.58 | 26.92 | 33.15 | 35.10 | 30.35 | 28.98 | 30.31 | 34.30
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Longitudinal surface plasmons resonance of L784 in water and agarose gel.

Table 2 The longitudinal surface plasmons resonance of L784 at different concentration

of agarose hydrogel dissolved in TBE buffer and water solvents.

Concentration | LSPR (nm)

of agarose

gel media (% | TBE Water Blue shift in| Blue shift in water
buffer- agarose TBE buffer | agarose hydrogel
agarose hydrogel agar.
hydrogel hydrogel

0.3 764 784 20 0

0.5 761 784 23 0

0.7 761 784 23 0

1.1 760 784 24 0

15 743 783 41 1

2.0 717 778 67 6

2.5 717 758 67 26
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Table 3a. Normalised temperature profile of SGNR excited at different wagétein
TBE buffer agarose gel.

Time Temperature®C)

(mins.) | Excitation:715nm Excitation: 750nm Excitation:800nm
(2.74+0.16W/crf) 2.74+0.16W/crh (2.74£0.16W/cn?)
S720 | S754 | S817 | S720 | S754 | S817 | S720 | S754 | S817
2 21.59|21.43 | 21.32|20.00 |20.02|20.75 | 19.71| 20.01 | 21.39
4 23.67|23.30 | 22.71|21.70 | 21.80 | 22.90 | 20.75 | 22.47 | 24.94
6 26.12 | 25.37 | 24.36 | 23.60 | 23.90 | 24.90 | 22.08 | 24.54 | 27.45
8 28.31 | 26.97 | 26.44 | 25.20 | 25.90 | 26.40 | 23.26 | 26.17 | 28.98
10 30.33 | 28.25 | 27.51| 26.25 |27.75|27.45 | 24.30 | 27.30 | 30.26
12 31.72 | 28.84 | 27.67 | 27.00 |31.75|28.35 | 25.03 | 27.89 | 31.19
14 31.13|28.36 | 27.72| 26.30 | 31.00 | 29.00 | 24.94 | 27.30 | 32.03
16 30.54 | 28.95 | 28.68 | 26.85 | 32.20 | 28.70 | 24.80 | 27.60 | 32.57

Table 3b. Normalised temperature profile of LGNRs excited at different wavelength in

TBE buffer agarose gel.

Time Temperature®C)
(mins.) | Excitation:715nm Excitation: 750nm Excitation:800nm
2.57+0.15W/crh 2.74+0.16W/crh 2.78+0.05W/crh
L719 | L755 |L816 |L719 |L755 |L816 |L719 |L755 |L816
2 22.12 | 21.38 | 23.03 | 20.70 | 19.85 | 20.90 | 19.91 | 19.76 | 20.89
4 23.56 | 22.66 | 25.32 | 21.85|20.90 | 22.40 | 20.60 | 20.70 | 22.18
6 25.27 | 24.09 | 27.24 | 22.90 | 22.15 | 23.60 | 21.54 | 21.68 | 23.01
8 25.75| 25.27 | 28.31 | 23.90 | 23.40 | 23.85 | 22.32 | 22.82 | 23.90
10 26.49 | 26.17 | 28.47 | 24.65 | 24.20 | 23.95 | 22.92 | 23.75 | 24.59
12 27.56 | 26.44 | 29.21 | 25.25|24.90 | 24.80 | 23.01 | 24.59 | 25.38
14 28.25|26.92 | 29.96 | 25.70 | 25.10 | 25.75 | 23.16 | 24.79 | 25.92
16 28.95| 27.40 | 30.76 | 25.05 | 25.40 | 26.65 | 23.75 | 24.69 | 26.22
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Appendix 3
Histogram of the length and width distributionl@gdNR;and SGNR samples
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Figure 1. Histogram of length and width of distributiafa, b) Ength and width of
LGNR:. (c, d) ength and width of SGNR.
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Table 1 The correlation of liorescence emission intensity of SGINRIC261

nanoprobe and exosome concentration.

Conc. of
exosomes

(particles/ml)

PC3

cellula

Conc. of PC3 cellula

exosomes (Log)

Fluorescence emissia
intensity of SGNRLINC261

nanoprobe (a. u.)

6.93 x16 2.8 60673.3
8.00 x 10 4.9 69043.78
6.25 x 16 6.8 67768.94
2.50 x 18 8.4 75320.03
1.00 x13° 10.0 81572.38
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Appendix 4.

Procedure for fitting the fluorescence lifetime decay curve with a multi

exponential decay model

DAS6 software was usetb fit the fluorescence lifetime decay curve using a multi

exponential decay model. The decay as a function of time is given by

(@}

&0 ' " Agp— "
4

where A is t

lifetime. Displayed in fig. lis the dialogue box of a fluorescence lifetime decay curve of

o)
Aob —
4

he

a dummy sample saved in DAS6 sadte.

DAS6 v6.6 - HORIBA Scientific - [Exp1. das]

original

amount , B i s

Flz Edt Took Wew
B & F LS IR
Fil= Tnformation Icumments ]

Promgt file: P4-1.I2H

Decey Fie; 041,084

Frompk Cecay
Range 1022ch 1022ch
Peak &t ti%ch 175ch
Peak Court 10,000 10,000
Tokal Courk 123 638 G99 E32
Maise Count 0.006E Mia
Fun Time O==c Osec

[~ Use marua beckground valus
T celbrakion:  0,11rs)chan {1 indizates charnes)
Select FE!

Frvme: [1-5 sxponentals =] FR.
[ Jutorking o]
=143 Sared Resuis

[ 1-exporertisl [250=0.2956614]
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Figure 1. The dialogue box of fluorescence decay curve saved in DAS6 software.

1. Select the range of fluorescence decaydquede from the beginning to the end of the

fluorescence decay curve.
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2. Click fit tab on the middle left. Then a dialegbox shown in fig 3.2. will be displayed

1-5 exponentials @

|A + Brexp(-i/T)

MNumber of exponentials to fit bo IT ﬂ ﬂ ﬂ ﬂ
Shift
Shift Limit: 20
Shift Yalue: 0 ™ Fixed Amplitudes

Decay-time Estimates A Yalue: | [ Fixed
T Estimate: 76,2449 [ Fixed B Yalue: | [ Fixed

Recommend Fit ‘ Cancel ‘

Figure 2. The dialogue box showing the numbbéexponentials to fit to.

3. The number of exponential desap be selected is determined by the number of
lifetimes from different species in the microenvironmeRor free fluorophores in
solution, the opened and closed fluorophores exist, thus 2 exponential decays are
recommended to determine the fluorescence lifetime of free fluorophore opened and
closed in thesolution. For fluorophore labedl gold nanorod bad nanoprobes, the
lifetime of opened and closed fluorophore and gold cores (scattering excitatiexisto

in the solution, thus 3 exponential decays are recommended. However, to eliminate the
contribution of the scattered etation, it is recommendeth ta 1 shouldbefixedat 0.5.
channel. After the appropriated numberefponential decays are selected, then click on

the fit button at bottom right. The fitting displays the result as shown in fig 3.3.
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Fitting ...

HORIEBA Scientific fit to 1 exponential{s)
A + B*expi-1/T)
Instrumental profile filename is * P4-1.IBH
Data chamnels used = 140 = 3900
Peak channel = 169
Paak count = 10000
Accumulation time = 0
Total counts accumulated = 123637
Noise background i 10 point mean) = 0
Subtracted noise background =0
Fluorescence decay filename is * D4-1.IBH
Data channaels used = 140 - 880
Peak channel = 175
Peak coumt = loooo
Accumulation time = 0
Total counts accumulated = £93233
Successive iterations give:-—
Tl = 76.670 E5FT= 0.063 XsQ = 1.098
Tl = 76.354 SFT= -0.051 XsqQ = 1.133
TL = 74_540 SFT= 0221 X=8Q = Z.429
Tl = 77.450 BEFT= 0.008 X8Q = 0.996
The fitted parameters are:-
T1 = 77.45035 ch; 8.5195E-09 see S.Dev = 9.8198E-12 sec
SHIFT = 8.4932ZE-03 ch; 9.3425E-13 sec S.Dev = Z_4659E-12 sec
B 1l = 0.0944107 S.Dev = 1.0001E-04
A = 0.0150077 8. Dew = 0.1169387
CHIZQ = 0.5956614 [ 737 Deg.Freedom]
CALIEB = 1.1000E-10 sec/ch
ad mmssmed Poachathd Vdmee = F% AAAMY o oemm e
I Discard

Keep

Figure 3. The dialogue box showing measuredgpaeters.

4 . For

& shguidde nedr 1. b@ & 1e2slrs addition, the prior knowledge of

the lifetimes is required to either accept the measured lifetime or discard it.

5. The average lifetime can be determined by calculation using equdgion 2

Reference

1. Horiba Scientific DAS-6 operational manual. Part number J81119 rev. A.

241



Appendix 5.
Fittings of the fluorescence lifetime decay curves of the gold nanorods based

nanoprobes

1E+05 Ei Chi.S8qg. = 1.031661
1E+04
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1E+02} #%

1E+01
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Channels

1E+04 b Chi.Sq. = 0.9980466
1E+034-

1E+02

Counts

1E+01
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Channels

Std. Dev.
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1E+04 Chi.Sq. = 1.010522
1E+03%"
n
e
£ 1E+02
[o]
(8]
1E+01
1E+00 i
473 514 554 595 635 676 717 757 798 838 879 919
Channels
1E+04 (j Chi.Sq. = 0.9334795
1E+03%
0]
o
£ 1E+02%°
[o]
8]
1E+01
1E+00 A
488 525 562 599 635 672 709 746 783 820 856 893

Channels

Figure 1. The fittings of the fluorescence decay curves of the SGNRs nanoprobes; (a)
SGNRi-hpDNA, (b) SGNR-hpDNA-cDNA, (c) SGNR-hpDNA, (d) SGNR-hpDNA-
cDNA.
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1E+05 a Chi.Sq. = 1.03897
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Channels
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Std. Dew.

Figure 2. The fittings of the fluorescence decay curves of the free-SYB3C; (a) free
Cy3-SYL3C and (b) free Cy3YL3C-cDNA.
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Counts
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