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Abstract

Gold nanoparticles have attracted much attention in the field of biological research,
especially in biological imaging and sensing due to their unique physical properties.
Fluorescence is a highly-sensitive, non-invasive biological study method and has
been widely used in a variety of research topics. The aim of this thesis is to study the
unique optical properties of gold nanoparticles and demonstrate their application in
biological imaging and sensing through fluorescence microscopic and spectroscopic
techniques.

An introduction of gold nanoparticles and fluorescence techniques used in this

project is given in Chapter 1.

In Chapter 2, the synthesis method of gold nanoparticles, dependence of optical
properties on particle size and shape, the unique spectroscopic characterization and
microscopic application of gold nanorods are discussed.

Fluorescence lifetime imaging microscopy (FLIM) based on two-photon
luminescence lifetime from gold nanorods in cell culture, and the advantages of this
method in biological imaging are demonstrated in Chapter 3.

In Chapter 4, the energy transfer between a DNA dye, 4'-6-Diamidino-2-
phenylindole (DAPI), and different types of gold nanoparticles in solution is
demonstrated using FLIM. Biological imaging application based on energy transfer
between gold particles and DAPI in cell culture is discussed as well in this chapter.

A study on energy transfer process concerning different excitation conditions is
reviewed in Chapter 5. Furthermore, application of fluorescence resonant energy
transfer (FRET) based FLIM method in the research of intracellular pathway of gold
nanoparticles in cells is demonstrated.

Chapter 6 presents a systematic study on the cytotoxicity of gold nanorods in cell
culture using MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
method. The effects of particle shape, surface conditions, dosage, incubation time on
the cytotoxicity and the mechanism of cytotoxicity are discussed.

In Chapter 7, a brief summary and outlook to future work are presented.
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Chapter 1 Introduction

1.1 Gold nanoparticles

Metal nanoparticles have attracted much attention due to their unique physical
properties, especially the surface plasmon resonance (SPR), which is the collective
oscillation of free electrons in response to the resonant incidence electromagnetic
field. The SPR leads to great enhancement in the optical properties of nanoparticles,
such as scattering and absorption.[1, 2] Among all types of nanostructure, there have
been substantive literature focused on gold nanorods, as they have special SPR
structure. Compared to gold nanospheres (GNSSs), the surface plasmon band of GNRs
splits into two bands: one locates around 520nm and the other one can range from
visible light to near-infrared (NIR) region.[3, 4,] As the NIR band permits photons to
penetrate organic tissues with relatively high transmittivity, gold nanorods have great
application potential in biological research, including bioimaging,[5-9]
biosensing[10-12] and photothermal therapy.[13-15] For bioimaging, GNRs can emit
two-photon luminescence (TPL) with strong intensity (58 times bigger than that from
Rhodamine).[16] Furthermore TPL microscopy has excellent spatial resolution due
to its quadratic dependence on incidence light intensity.[17] TPL from gold nanorods
IS sensitive to the polarization of the incident excitation.[16, 18] For the application
in biosensing, as the SPR wavelength depends critically on the dielectric constant of
surrounding medium, gold nanoparticles is sensitive to the change of environment of
nanoparticles hence can be used for sensing.[19] By monitoring the spectroscopic
change of dye molecule-nanoparticle pair, gold nanoparticles can be utilized in
distance dependent sensing applications, such as fluorescence resonant energy
transfer.[20] For the photothermal application, gold nanoparticles can also convert
radiative energy into heat, endowing them with intense photothermal properties and
has been proven to be localized, targeted, high efficacy, and lack of side effects.[21]
Such localized heating effects can be directed toward the eradication of diseased

tissue, providing a non-invasive alternative to surgery.[22, 23] Nanorods with well-



defined shapes and sizes can be synthesized by seeded growth methods, and their
longitudinal plasmon resonances can be finely tuned as a function of aspect ratio
(long axis of nanorod divided by short one).[24, 25] Moreover, there are numerous
measures for conjugating gold nanorods with biomolecule labels for cell targeting or
intracellular delivery,[26] such as folic acid,[22] antibodies,[27] and DNA,[28]
introduced by surface functionalization processes. By assembling single gold
nanoparticles into functional structure, they can be even more useful in sensing and

detection of a variety of analytes including environmental toxins and biomarkers.[29]
1.1.1 Theory on surface plasmon resonance of gold nanoparticles

The surface plasmon oscillation is the coherent excitation of free electrons within the
conduction band, leading to an in-phase oscillation. The electric field of incident
light induces a polarization of the free conduction electrons. As the ionic core is
much heavier than the free electron, net charge will occur at the nanoparticle
boundaries acting as a restoring force. Then a dipolar oscillation of electrons is

created. An illustration of surface plasmon of metal particles is shown in Fig.1.1.

electronic cluster

light T

electric field

surtace charges

ionic cluster

Fig.1.1 Illustration of the excitation of the dipole surface plasmon oscillation.[30]

The absorption of nanoparticles in optically and spatially homogeneous solution,
with the intensity denoted by I, particle density by N and beam path length by x, can

be expressed as:



al(x)
~=2 = —NCoyl (%)

(1.1)

where Ceg IS the extinction coefficient. By integrating the above equation, the

absorption of particle solution is given by:

I(x) = Ioexp(_NCextx)

(1.2)

The above equation shows that the absorption of particles is proportional to the
particle extinction coefficient Cey, particle density N and the beam transmission

length x.

For spherical particles, the surface plasmon induced absorption can be described by

Mie theory. The expressions are displayed below.[30]

2w
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Here, oext, 0sca and oaps represents extinction, scattering and absorption cross-section
separately. a, and by, the scattering coefficients, are functions of wavelength 4 and
the medium dielectric function &, The dielectric function of particles
e(w)=e1(w)+icz(w). m=n/ny, where n is the complex refractive index of the particle
and np the real refractive index of the medium. k is the wave-vector and x=| k| r
with r representing the radius of the nanoparticle. ¥, and n, are the Ricatti-Bessel
cylindrical functions. The prime indicates differentiation. L is the summation index
of the partial waves. L=1 corresponds to the dipole oscillation, and L=2 is associated

with the quadruple oscillation and so on.

The extinction cross-section can be normalized to give the extinction cross-section

per unit area:

g,
Qext = T[eszt
(L.9)

where r is the particle radius, and can be conveniently transferred to commonly used

extinction coefficient in the units of M™cm™ as following:

3 X 1073V, Quxt
4 x 2.303r

eMtem™) =

(1.10)

where Vin(cm®mol™) represents the molar volume of the metal.



For nanoparticles much smaller than the wavelength of incidence light, only the

dipole oscillation contributes significantly, with a; and b; expressed as:

i23m?2—1 i2x5(m?2—2)(m2—1) i4x5 [m? — 1]*
al = — - + 0(367)
3 m?+1 5 (m? + 2)? 9 [m?2+2
(1.11)
b = i2x°> m? -1 o
TR G
(1.12)
The Mie theory can be reduced to the following equation:
_ao% 32 & (w)
Text (@) = 9 ¢ Em v [e1(w) + 2&,,]% + &5 (w)?
(1.13)

with V being the particle volume, ® the angular frequency of the incidence light and
c the speed of light. The resonance condition is fulfilled when &1(w)=-2¢n, only if &, is
weakly dependent on w. The above equation can be used to explain the absorption
spectra of small gold nanoparticles. For large particles, the dipole approximation is
not valid and higher-order modes of oscillation have to be taken into account, which

will cause the absorption spectrum peaking at lower energies.

1.1.2 Surface plasmon resonance of gold nanorods

For gold nanorods, the absorption spectrum splits into two bands with one at around
500nm corresponding to the oscillation of the electrons perpendicular to the long axis
and the other at lower energy representing the oscillation of the free electrons along

the long rod axis. These two modes are referred to as the transverse and longitudinal



plasmon surface absorption. The scheme of surface plasmon induced absorbance

bands is shown in Fig.1.2.

1.8

6. Longitudinal mode
1.4 -

1.2 -

0 1 Transverse mode

0.8

Absorption (a.u.)

0.6
0.4 1

0.2 —
400 500 600 700 800 900
Wavelength (nm)

Fig. 1.2 An absorption spectrum of gold nanorods showing two surface plasmon

modes.

Mie theory as described above is strictly applicable only to spherical particles. By
extending Mie’s theory, the optical absorption of randomly oriented gold nanorods
can be described by Gans’s theory, Within the dipole approximation, according to

Gans’s theory, the extinction cross-section is,[30]

1
(F)gz
@ 32 i
O eyt (a)) =5 En
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J

{&(0) +[

(1.14)



where P; are the depolarization factors along the three axes A, B and C of the

nanorod with A>B=C, defined as

1-e 1, l+e
P,==——[—In(—)-1],
=g L mg) Y
(1.15)
1-P
P,=P.==—%,
B C 2
(1.16)
B
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-]
(1.17)
In analogy with the absorbance of spheres, the plasmon resonance condition is:
—P.
a(@)+(—")e, =0
P,
(1.18)

Gansg’s theory can explain how the surface plasmon band reacted to the influence
from the aspect ratio of particle, the solvent medium and shell layer. As discussed
above, the peak position of surface plasmon band depends on the shape parameter, Pj:
a small change in the aspect ratio will lead to a drastic change in the absorption
spectrum, or the surface plasmon structure. The extinction spectrum of GNRs with
different aspect ratios is shown in Fig.1.3.[31] As the aspect ratio varies from 2.65 to
3.65, the longitudinal band red shifts more than 100nm. There have been reports
indicating that the peak position and aspect ratio follow a linear relationship (shown
in Fig.1.3 (b)). As the peak position is a function of the surrounding medium
refractive index as well (shown in Fig.1.3 (c)), GNRs change colour when dissolved

in different solvents. Based on the dependence of the surface plasmon resonance



structure to both geometric and dielectric effects, gold nanoparticles have promising

applications as sensors.
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Fig.1.3 (a) Calculation with Gans’s theory of absorption of gold nanorods as a
function of aspect ratio R; (b) and (c) The dependence of maximum longitudinal

absorption peak on aspect ratio and medium dielectric constant. [31]

1.2 Fluorescence

1.2.1 Fluorescence process

Luminescence is the emission of light from excited states of any substance. As
shown in Fig.1.4, luminescence is divided into two categories: fluorescence and
phosphorescence, depending on the nature of the excited state involved in the process.
The electron in the excited singlet state has the opposite spin to the second electron
in the ground state, which means that the return to ground state is spin allowed and
will occur rapidly. The emission rates of fluorescence are typically 10%™, so that a

typical fluorescence lifetime 1is around 10ns. Compared to fluorescence,



phosphorescence is the emission of light from an excited triplet state. Transition to
the ground state is forbidden as the electron in the excited state has the same spin as
the ground state electron. Therefore, the emission rate of phosphorescence is low and

the lifetime is usually in the rage of milliseconds to seconds.[32]

2 A : Intersystem Crossing
1 1 ——
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Fig.1.4 Diagram of luminescence phenomenon.

The fluorophores can return to the ground state by either a radiative (emitting
photons) or non-radiative process, as shown in Fig.1.5. The fluorescence quantum
yield is the ratio of the number of emitted photons to the number absorbed, and is
defined by the following equation,
Q=I/(I'+kny),

(1.19)

where Q, T', and ky, represents the quantum yield, the emission rate and the non-

radiative decay rate of fluorophore, respectively.

The lifetime of the excited state is defined by the average time the fluorophore
molecules stay in the excited state before return to the ground state; for a single

ground-excited state system, it can be expressed as,

=1( The).
(1.20)
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Fig.1.5 Diagram demonstrating fluorescence lifetime and quantum vyield.

Fluorescence emission is a random process, and few molecules emit their photons at
t= 7. The lifetime is an average value of the time spent in the excited state. The
lifetime of the fluorophore in the absence of non-radiative process is called the

intrinsic or natural lifetime, and can be given by,

mw=1/TI.
(1.21)

The natural lifetime can be calculated from the absorption spectra, extinction
coefficient, and emission spectra of the fluorophore. The radiative decay rate I' can

be calculated by the following equation,

F(w)dv (e(v
1“52.88><109n2f (_) _f (_)dv
fF(v)dv v
173
(v
=288 x10%% < 73 > %dﬁ

(1.22)

where F(V), €(v), and n is the emission spectrum, absorption spectrum in

wavenumber unit and the refractive index of the medium respectively. This
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expression assumes no interaction with the solvent, and n is considered to be

constant over the absorption and emission band.

The natural lifetime can be calculated from the measured lifetime and quantum yield

=1/ Q.
(1.23)

In practice, suppose after excitation, no of fluorophores are excited to the excited sate,
then the excited-state population will decay with a rate I'+k, as discussed above
(Eqn.20),

dn(t)
dt

= (I' + kpr)n(t)

(1.24)

Where n(t) is the number of excited fluorophores at time t after excitation. Emission
is a random event, and each excited fluorophore has the same probability of emitting
in a given period of time. This results in an exponential decay of the excited sate
population,

n(t)=neexp(-#/ 7). (1.25)

In a practical fluorescence experiment, it is the fluorescence intensity rather than the
excited molecule population will be detected. Therefore, the above equation can be

written in terms of the time dependent fluorescence intensity I(t).

I(t)=loexp(-t/7),
(1.26)

where g is the initial intensity at time 0.

11



The lifetime z can be determined by fitting the intensity-time curves to decay models,

normally the multi-exponential model:

1) = ) aexp(~t/)

l

(1.27)
Where «; is normalized to unity.
For a single exponential decay, 63% or 1/e of the molecules return to ground state

prior to t=t.

1.2.2 Two-photon luminescence (TPL)

A A A
hvs
hv: A
hvi A hvs

hv: A
hvs

Fig.1.6 Diagram of single and multi photon excitations.
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Multi-photon luminescence is a process in which a fluorophore absorb more than one
incident photons with lower energy and emit photons with higher energy. The two-
photon excitation (TPE) fluorescence is related to the simultaneous absorption of two
lower-energy photons, which cooperatively provide the energy needed for the
fluorescence process. The illustrating diagram of multi-photon luminescence is
shown in Fig.1.6. Properties of TPE can be discussed following a simple way with an
assumption that the probability of a molecule undergoing n-photon absorption is
proportional to the probability of finding n photons within the volume it occupies at

any moment in time.[4]

We consider a laser beam passes through a cube of side s, much smaller than the

beam width. The mean energy E,, in this cube, for a beam of wavelength 4 is
En=mhc/l,
(1.28)

where m corresponds to the mean number of photons. Since the cross-sectional area
is s, and the time needed for each photon to cross the cube is s/c, then the power

density I, of the laser beam is

E,, mhc?

I = =
s?2xs/c  As3

(1.29)
with ¢ representing the speed of light.

Considering V=s=V,,/N,, where for a molecule the mean volume occupied is the

molar volume V, divided by Avogadro’s constant N,, we obtain

(1.30)
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For a 750nm laser with intensity GWcm™ into a molecular volume of the order of 10

*m®mol™, the value of m is of the order of 10°.[4]

In order to find the probability p, which means that n photons are in the molecular

volume, we use a Poisson distribution, resulting in

(1.31)

Since m is small, the exponential can be expanded in Taylor series and only the first
term taken into account. Therefore, the probability for TPE, n=2, p, is[4]

D2 =Em2 x yI?

(1.32)

where ¥ is a proportionality factor. The dependence of TPE on I? is obtained.

The quadratic dependence of TPE on the incident intensity has great advantages to
microscopy imaging. Since the amount of light absorbed is proportional to the square
of the intensity, focusing the beam decreases its size but increase its intensity, as
shown in Fig. 1.7. As a result the amount of light absorbed is not constant across the
beam passing direction, but reaches a maximum at the focal plane where the incident
intensity is the highest. This effect results in strong localized excitation, leading to a
better depth resolution and a reduced photodamage to the fluorophores than one
photon excitation.[4, 33-37]
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Fig.1.7 Illustration of excitation efficiency on beam pathway into specimen under

single and two-photon excitation.

1.3 Time domain measurement and time-correlated single photon counting
(TCSPC)

Photon counting techniques follows the concept that the detector reacts to a random
sequence of pulses corresponding to the detection of individual photons. The light
intensity is represented by the density of the pulses, not by their amplitude. The
intensity of the light signal is obtained by counting the pulses in subsequent time
channels.[38, 39]

Time-correlated single photon counting, or TCSPC, is based on the concept that the
probability of detecting a single photon at time t is proportional to the fluorescence
intensity at that given time. By accurately measuring the arrival time of every single
photon, the decay waveform can be reconstructed. . The principle of TCSPC is
shown in Fig. 1.8. After excitation, when a single emitting photon from the

fluorophore is detected, the arrival time of the corresponding photon to the detector
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is measured, which adds ‘1’ count in a memory location with an address proportional
to the detection time. After many signal periods, a large number of photons have
been detected, and the distribution of the photons over the time in the signal period

builds up. The result represents the ‘waveform’ of the optical pulse. [38, 40-42]

Original Waveform

(Distribution of photon
probability)

Detector HICE
Signal:
Period 1
Period 2 A
Period 3
Period 4 A
Period 5 A

Period &
Period 7
Period 8
Period 9 A
Period 10

Period N A

Result
after
many
Photons

Fig.1.8 The concept of TCSPC technique.[38]

A typical TCSPC setup is shown in Figl.9. In a TCSPC measurement process, the
pulse excitation light source sends a reference signal pulse (the start pulse) to the
time-to-amplitude converter (TAC). The TAC accordingly generates a voltage which
increases linearly with time. After the sample is excited by the excitation source, the
detector will record a single emission photon and generate a pulse to the TAC as well
(the stop pulse), which will terminate the voltage increasing at TAC. The voltage
now is proportional to the time delay between the excitation and emission signals, or
between the start and stop pulse. The voltage then is amplified by a biased amplifier

(the AMP) and converted to a numerical value by the analog-to-digital converter

16



(ADC). The ADC output is used as an address word for the measurement data
memory. When a photon is detected, the ADC output word addresses a memory
location corresponding to the time of the photon. By incrementing the data contents
of the addressed location the photon distribution over time is built up. There is a
‘Constant Fraction Discriminator’, CFD, implemented before both start and stop
pulses going through TAC. The CFD is used to avoid pulse-height induced timing
jitter thus the arrival time of pulses can be accurately measured.

In a practical TCSPC setup, usually a ‘reverse mode’ is applied. In the reverse mode,
the pulse from the detector will work as the start pulse to TAC while the pulse from
excitation source will work to stop the TAC voltage increasing. This is because in
modern TCSPC setup, the light source normally has a very high repetition rate,
inducing many pulse periods in which no photons are detected. In these periods the
TAC is started but not stopped. Consequently, there must be a circuit in the TAC that
detects the out-of-range condition, and resets the TAC frequently. As the emission
pulses are much less frequent than the excitation ones, using the reverse mode will be

much more efficient.

@ threshold

Reference pulses
from light source Range

v il . Gain

start )

Memory

Histogram

G) Zero cross .|'|. _/-
TAC
ADC Address
@threshold .|'|. (time)
Preamplifier I stop

o> g
CFD Offset
Detector v— data
= (2) ZEro Cross +1 t
Single-
photon @ = control elements Adder

pulses

Fig.1.9 Schematic setup of a typical TCSPC lifetime measurement unit. [38]
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Fig.1.10 shows the schematic experimental setup of a TCSPC lifetime measurement
unit from Horiba Jobin Yvon IBH. As described above, a reverse mode is applied,
and both emission and excitation monochromators and polarizers have been
implemented. All components, including the FluoroHub (or the control box) are

controlled by the Data Station software provided by Horiba IBH.

Emission Measurement
polarizer cubic
&
sample holder
1
Detector 1 L Detector 2
1
..V
Emission

monochrometer _ ----3 Excitation polarizer

Start pulse
‘TAC’ start itati
------ P Excitation monochrometer

Stop pulse
“TAC' stop

JL

P Excitation
Control Box

Fig.1.10 Schematic setup of Horiba Jobin Yvon IBH TCSPC fluorescence lifetime

measurement unit.

1.4 Data analysis of fluorescence lifetime measurement

1.4.1 The convolution process

Practical experimental data from a TCSPC measurement is complex, as the measured
intensity decay is a convolution with the excitation function, which is not exactly a 6-
impulse. However, the excitation pulse can be seen as a series of 6 -functions with
different amplitudes. Each of these d-functions excites an impulse response from the
sample, with the intensity proportional to the height of the 3-function. The measured

intensity can be seen as the sum of all these exponential decays, starting with
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different amplitudes and different times. [39]The concept of convolution thus can be

expressed as:

L (t) = Lt (t — t)AL(t > ty)
(1.33)

in which each &-function excitation is assumed to excite an impulse response at time
tx. The amplitude of the impulse response function excited at time t is proportional
to the excitation intensity L(tx). The term (t- ty) appears because the impulse response
is started at t=ty, and it is understood that there is no emission from I(ty) before
excitation (t< ty). The measured decay N(tx) is the sum of the impulse responses

created by all the individual 3-function excitation pulses occurring until ty, thus

t=tg

N(t) = ) LI - At
t=0

(1.34)

This equation can be expressed in integral form:

t

N(t) = fL(t')I(t —t)dt’

0
(1.35)

The equation above shows that the experimental intensity at time t is determined by
the sum of all the intensities expected for all the -function excitation pulses occurring
until t. There will be new intensity decays excited as long as there is non-zero
intensity in L(t). This is the reason why the measured decay depends on the

instrument response function (IRF) shape.
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1.4.2 The least squares analysis

Least squares analysis is used to test whether a given mathematical model is
consistent with the experimental data, and to determine the parameters for the model
having the highest probability of being correct. Least squares analysis provides the
best estimate for parameters if the data satisfy a reasonable set of assumptions listed
below:[43]
1. All the experimental uncertainty is in the dependent variable.
2. The uncertainties in the dependent variable (measured values) have a
Gaussian distribution, centred on the correct value.
3. The assumed fitting function is the correct mathematical description of the
system. Incorrect models yield incorrect parameters.
4. The data points are individually independent observations.
5. There are a sufficient number of data points so that the parameters are over
determined.
For a given model, a least-squares analysis is accomplished by minimizing the

goodness of fit parameter, given by

n

2 i _ 2
X 5 [N(ti) — Ne(ty)]
=1 Ok
LR ACH
e~ N(tx)

(1.36)

where N(t), Nc(t) and oy represents the measured data, calculated decay and
standard deviation respectively. In the expression the sum extends over the number
(n) of channels or data points used for a particular analysis. In TCSPC, the standard
deviation is known to be the square root of the number of photon counts, g, =
\/Wtk). The relationship between the standard deviation and the number of photons
is true only when there are no systematic errors and counting statistics is the only
source of uncertainty in the data. If the data contains only Poisson noise then the
relative uncertainty in the data decreases as the number of photons increases. The

value of 5 is the sum of the squared deviations between the measured data N(t) and
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expected values Nc(tx), each divided by squared deviations expected for the number
of detected photons. For a multi-exponential decay model, during least square
analysis the values of all parameters will be varied until y* reaches minimum. But it
is not convenient to interpret the values of »* because it depends on the number of
data points. The value of »* will be larger for data sets with more data points, for this

reason reduced y* has been introduced:

(1.37)

where n is the number of data points, p is the number of floating parameters, and
v=n-p is the number of degrees of freedom. For TCSPC the number of data points
(numbers of channels, typically several thousand) is much larger than the number of
parameters (o, Ti), therefore v is approximately equal to n. If only random errors
contribute to &%, then this value is expected to be near unity. If the model does not fit,
the individual values of x> and y*are both larger than that expected for random errors.
This is why the value of x:? can be used to judge the goodness of fitting. When the
experimental uncertainties o are known, the value of &’ is expected to be close to
unity. This is because each data point is expected to contribute o> to »°, the value of
which is in turn normalized by the Y @i, s the ratio is expected to be near unity. If
the model does not fit the data, then s> will be significantly larger than unity.

1.5 Fluorescence microscope and confocal microscope

Fluorescence microscope has been applied to a variety of research fields since
invention. [44, 45] The concept of a conventional optical setup is displayed in Fig.
1.11, the excitation light is blue and the emission fluorescence is green. The
microscope is equipped with a dichromatic (or dichroic) mirror to reflect light shorter
than a certain wavelength (the excitation) but transmits light of longer wavelength
(the emission). Thus, the light from the excitation source can be reflected and passes
through the objective to the sample, while the longer-wavelength emitting light from
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the specimen can pass through both the objective and the dichroic mirror to the

detector.
filters\\‘
LV n (\ .
~ - > .
Y U U
\/dichroic mirror

objective

_———

sample

Fig.1.11 Schematic setup of conventional fluorescence microscope.[44]

Different from the conventional optical microscope, the confocal microscope makes
use of point-by-point illumination of the specimen and rejection of out-of-focus light.
The mechanism of a confocal microscope is illustrated in Fig. 1.12. The dark and
light blue rays represent light from points in and out of the focus plane respectively.
The image of the light blue point is not at the same location as the image of the dark
blue point. In confocal microscopy, the aim is to exclude the out-of-focus plane
points (the light blue ones) and see only the signal from the focus plane (the dark
blue point). Accordingly, if a screen with a pinhole is placed at the detector side of
the microscope system, then all of the light from the dark blue point will pass
through the pinhole. Note that at the location of the screen the light blue point is out
of focus. Moreover, most of the light will get blocked by the screen, resulting in an
image of the light blue point that is significantly attenuated compared to the image of
the dark blue point. In fluorescence microscopy the entire field of view of the
specimen is completely illuminated, making the whole region fluoresce at the same
time. The highest intensity of the excitation light is at the focal point of the lens, but
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the other parts of the specimen do get some of the excitation light and they do emit
fluorescence. Thus, light at a ‘“dark blue’’ point may include light that has been
scattered from other ‘‘light blue’’ points, thereby obscuring its fluorescence. To
reduce this effect the confocal microscope focuses a point of light at the in-focus
dark blue point by placing a pinhole aperture in front of the light source. Thus, the

only regions that are illuminated are a cone of light above and below the focal (dark

blue) point.
focal point N l" screen with
/f«“ ! pinhole
-
|~
N

Fig.1.12 Mechanism of a pinhole in confocal microscope. [44]

Fig.1.13 shows the optical setup of confocal system, Zeiss LSM 510, used in this
project. The excitation source includes a pre-set Argon laser (wavelength option
471nm, 488nm, and 514nm), a He-Ne laser (wavelength 540nm) and a separate
Coherent Chameleon Ti:Sapphire laser (wavelength ranging from 690nm to 1040nm).
After going through the beam splitter, only the excitation light at specific wavelength
will transmit the objective to the specimen. We have three Olympus objectives in use,
a 10x air objective, a 40x oil emersion one and a 63x water emersion objective. The
emission light is collected by the same objective and penetrates the beam splitter to
detectors. There are two detection channels, allowing take a single confocal
fluorescence image with either detectors or a multi-channel emerge image with two
detectors at a same time. Filters applied to channel one are longpass filters mainly
designed for the Argon laser system while on channel two bandpass filters are
equipped so that one can chose specific energy window to take confocal image.
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Fig.1.13 Optical setup of Zeiss LSM-510 confocal microscope.

1.6 Fluorescence lifetime imaging microscopy (FLI1M)
1.6.1 Introduction to FLIM

Traditional microscopy relies on the contrast that can be achieved from absorption,
polarization, phase etc.. Commonly fluorescence intensity is measured. FLIM

provides contrast according to the fluorescence decay time.

Lifetime does not change on intensity variations, therefore lifetime measurements are
not dependent on the local concentration of fluorophores, bleaching, the optical path,
of the microscope, the local excitation light intensity, or on the local luminescence
detection efficiency. The fluorescence decay time depends on the intrinsic
characteristics of the fluorophore and also on the local environment. The local
viscosity, pH, or refractive index, as well as interactions with other molecules, such
as collision or energy transfer, can all affect the fluorescence lifetime.[46-57] Thus,
as well as being able to distinguish spectrally similar fluorophores, imaging of the

fluorescence lifetime can be used to probe the surroundings of a fluorophore.
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FLIM technologies can be divided into two categories: (i) confocal scanning or
multi-photon excitation FLIM where the image is acquired pixel-by-pixel using a
non-imaging detector , and (ii) wide-field camera-based FLIM.[46, 58-62] The time-
resolved information is obtained either in the time domain by exciting the sample
with a short optical pulse and observing the decay of the fluorescence intensity (with
time-correlated single photon counting (TCSPC), gating, or a streak camera), or in
the frequency domain by modulating the excitation source and/or the detector to
calculate the fluorescence decay time from the demodulation and the phase shift of

the fluorescence.[63]

Scan Head | 750 nm to 900 nm TiSa Laser
150 fs, 80 MHz Reference

Shutter

Field .
one Filter

Detector

TCSPC Module
Scan Control SPC-730, SPC-830, or SPC-140/144

: Unit of Pixel Clock o ,
Microscope Microscope Line Clock in 'Scan SYNC’ mode
Frame Clock

Preamplifier

Fig.1.14 Setup of Confocal microscope equipped with FLIM module.[63]

The FLIM system used in this project is shown in Fig.1.14. It is consist of a Zeiss
LSM 510 confocal microscope (details can be found in sectionl1.5) and a Becker &
Hickl GmbH SPC-830 FLIM module. Two-photon excitation FLIM measurement
can be carried out with a Chameleon laser running as the excitation source. The
fluorescence light is diverted by a dichroic mirror directly behind the microscope
lens and transferred into a photomultiplier tube (PMT) detector. A direct-detection
setup is applied. Compared to confocal system, in which only photons from the focus
plane will be counted, photons leaving the sample from a large area are collected and
fed into the detector in a direct-detection system. Therefore the detection efficiency
for scattered photons and for photons of background light increases. Any direct
detection system with TCSPC has to be operated in absolute darkness.

25



1.6.2 Data analysis of FLIM experiments
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Fig.1.15 Example of data analysis on FLIM measurement.. (a) display of
experimental intensity image; (b) FLIM results after applying a single-exponential
decay fitting model on intensity image; (c) Lifetime distribution of FLIM result; (d)
experimental decay curve and fitting results on specific pixel shown in intensity
image, the blue dotted line representing the raw data, red solid curve for fitting result,

and green line for system response; (e) selected fitting model and related fitting

parameters.
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The data analysis of FLIM experimental results is carried out by fitting the obtained
raw data using a pre-set multi-exponential decay model that describes the physical
process with certain fitting parameters. In our experiments, these parameters are
usually the fluorescence decay times. The basic fitting process run by the FLIM
software (SPClmage, provided by Becker & Hickl) is to minimize the chi-square y*
given by Equ.1.36 and 1.37 between experimental data and fitting curve. By
displaying specific fitting parameters, such as the fluorescence lifetime in each pixel,
one can achieve a final coded colour FLIM image. An example of fitted FLIM image
of green fluorescence protein (GFP) (details will be discussed in Chapter 5) though
this analysis process is shown in Fig.1.15. The ‘FLIM image’ displays the
fluorescence lifetime of every single pixel in the ‘intensity image’; the lifetime value
is given by fitting the experimental decay curve (the blue dots at the bottom box) by
a specific model (a single exponential model is applied in this case), the fitting curve
is denoted by red solid line, and all fitting parameters is shown in the bottom right
box. The lifetime distribution of all pixels is shown in the upper right box.

There are several important aspects of the fitting process:

1. The fitting models: The FLIM analysis software in our system uses a multi-
exponential decay model (up to three components for current SPCimage, defined
by Equ.1.27). Normally, a measured decay curve in one pixel is a sum of several
single exponential decays, which can be caused by more than one emission
molecule located in a single pixel, or when the fluorophores in a single pixel are
in different photophyiscal states. One should select a proper model based on the
practical physical process and experimental conditions, such as the signal to
noise ratio (SNR): only data with a high SNR can be fitted by a reasonable multi-
exponential model. A diagram showing a sum of two exponential decays and the
final result can be found in Fig.1.16 (a).

2. The convolution process: as described in section 1.4.1, the experimental decay

curve is a mathematical convolution of the system response and the fitting model

function. The system response function is estimated by the FLIM data analysis
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software by calculating the first derivative of the fluorescence rising part (the
green curve in Fig.1.15). The parameter ‘shift’ which denotes the linear shift
between the response function and experimental decay curve is also calculated by
the software automatically. Fig.1.16 (b) depicts the impact from the convolution

process to the final experimental curve.

The impact from scattering: the scattered light or second harmonic generation
under two photon excitation will cause a peak at the starting part of the decay
curve, but as this process is extremely fast compared to the system response it
just adds a linear component to the decay trace. The ‘scatter’ parameter in
Fig.1.15 (e) fitting box counts for this process. The impact from scattering can be
found in Fig.1.16(c).

Contribution from dark noise: the detection system will count ambient light and
detector noise during the experiment and produce a constant baseline, denoted as
parameter ‘offset’ in Fig.1.15 fitting box. One should avoid the artificial
generation of a long lifetime component caused by dark noise. The offset value
can be generated by the software automatically based on experimental
measurement: the photons in the time channels in front of the rising part can be

considered as ‘offset’.
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Fig.1.16 Illustration of the impact of different fitting parameters: (a) left: contribution
from two single exponential decay; right: a two-exponential decay curve; (b) left: the
system response and the intrinsic decay curve; right: result of the convolution
process; (c) left: impact from scattering; right: total result considering scatter; (d) left:
effect of dark counts; right: result after adding on dark photons.[64]
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Chapter 2

Characterization of Optical Properties of Gold

Nanorods

2.1 Introduction

The surface plasmon oscillation is the coherent excitation of free electrons within the
conduction band, leading to an in-phase oscillation. In the case of surface plasmon
resonance (SPR), plasmons propagate in the directions along the metal-dielectric
interface, for distances on the order of tens to hundreds of microns, and decay in the

perpendicular direction with 1/e decay lengths on the order of 200nm.

There have been varieties of applications related to SPR, including surface-enhanced
spectroscopy,[1-7] biological and chemical sensing,[8-16] and lithographic
fabrication,[17-20] etc. With progress in fabrication and manipulation of metallic
materials, especially on the nanoscale, localized surface plasmon resonance (LSPR)

has attracted much attention.

For the case of localized surface plasmons, an incident electromagnetic (EM) wave
interacts with particles much smaller than the incident wavelength, leading to a
charge density oscillation confined to metallic nanostructures. Excitation of LSPR by
EM field, such as light, where resonance occurs, provide strong light scattering in the
appearance of intense surface plasmon absorption bands and enhancement of the
local EM field.[20].

Many applications can be achieved by introducing LSPR, especially in spectroscopy
research, such as near-field scanning optical microscopy,[21-23] surface-enhanced
Raman spectroscopy (SERS),[24-26] multiphoton-induced luminescence,[27-29]
radiative quenching or enhancement [30-34] and spaser.[35-37] Gold nanorods

(GNRs) are potential candidate for examining all these SPR effects.

The surface plasmon bands of GNRs split into two parts: transverse and longitudinal
band. The longitudinal one resonates in the near infra-red (NIR) region, where the

absorption of water and biological tissue is minimized, making them useful in
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biological research. Moreover, this longitudinal plasmon band can be tuned by
changing the size, shape of nanorods and the dielectric environment.[38] In this
chapter the synthesis of gold nanorods and a study on their optical properties are

reviewed in details.

2.2 Synthesis of GNRs with different surface plasmon bands

Gold nanorods were synthesized using the seeded growth method (Murphy et al.
2005). Typically, 2.5ml HAuCI4;x3H,0 (0.001M) and 0.6ml ice-cold NaBH, (0.01M)
were added into 7.5ml cetyltrimethylammonium bromide (CTAB) (0.12M) to
prepare the seeds solution. The growth solution were synthesized by adding 0.15M
benzyldimethylhexadecylammonium chloride (BDAC), 50ml HAuCIsx3H,0
(0.001M), 3ml silver nitrate (AgNO3) (0.004M) and 700ul Ascorbic Acid (0.778M)
to 50ml CTAB solution (0.1M). Then 80ul seed solution (2 hours after preparation)

was injected into growth solution to grow gold nanorods.

Sample NO. 1 2 3 4 5
CTAB 0.12M/L | 0.12M/L | 0.12M/L | 0.2M/L 0.2M/L
BDAC 0.15M/L | 0.15M/L | 0.15M/L | 0.25M/L | 0.25M/L
AgNO; 4ml 3ml 2ml 2ml 2ml

Absorption peak
o 700nm 750nm 800nm 900nm 1050nm
(longitudinal mode)

Table 2.1. Detailed recipes for synthesising gold nanorods with different longitudinal

surface plasmon peaks.
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Gold nanorods thus formed have a longitudinal plasmon mode centred at around
750nm. By varying the concentration of CTAB, BDAC and AgNOQOs, a series of gold
nanorods with different sizes and shapes can be synthesized, which are characterized
using UV-VIS absorption spectroscopy and electron microscopic imaging. Table2.1
lists the relative concentrations to synthesize gold nanorods and their longitudinal
mode. The longitudinal surface plasmon of different samples and SEM image of
Sample No.3 is shown in Fig.2.1.

2.3 Two-photon luminescence (TPL) from GNRs

The photon induced luminescence from gold was first reported by Mooradian.[40]
The photoemission is thought to arise from the direct transitions between electrons in
the conduction band below the Fermi level and holes in the d bands. But the single
photon luminescence efficiency is very low, around 10™°. Luminescence of noble
metal materials did not attract much attention until Boyd reported multiphoton-
induced luminescence on roughened noble metal surfaces, which can induce
luminescence several orders of magnitudes stronger than single photon emission.[41]
This amplification of luminescence is believed due to a resonant coupling with
localized surface plasmons,[42] which has broad applications in fluorescence
research. In addition to enhanced luminescence intensity, multi-photon excitation
provides unique advantages compared to single photon excitation. Multi-photon
process has non-linear dependence on incidence power, which will provide better on-
axis spatial resolution. Longer excitation wavelength also provides deeper
penetration depth in biological tissue. For GNR luminescence research, two-photon
excitation with near-infrared band is commonly applied, a energy window through

which damage to biological system and tissue auto-fluorescence can be minimized.

Data shown in Fig.2.2 and 2.3 were obtained by our home built two-photon TCSPC
unit. A quartz cuvette filled with a gold nanorod solution (OD around 1.0) was
placed in the sample holder, and a Ti:Sapphire laser tuned to 800nm was utilized as
the excitation source. A beam splitter was placed in the laser beam path. The
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transmitted beam goes through the sample cuvette while the reflected beam reaches a
laser power meter. The number of photon counts from the TCSPC detector was
recorded as the luminescence intensity and the read-out from the laser power meter

was used as the incidence power.

All gold nanorod solutions show strong luminescence under NIR excitation. The
nonlinear nature of the TPL signal was confirmed by measuring the dependence of
the luminescence intensity as a function of excitation power on all samples. A typical
result is shown in Fig.2.2, where data was collected from nanorods with a
longitudinal band at around 800nm (blue curve in Fig.2.1 (a)) under 800nm
excitation and the incidence power increases from 5 to 20mW. The dependence of
luminescence intensity on incidence laser power was found close to quadratic,

suggesting a non-linear, and two-photon excitation process.
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2.4 Surface plasmon effect

To examine the effect of surface plasmon band structure on luminescence properties
of GNRs, we have carried out excitation luminescence spectroscopy experiments and
made a direct comparison of luminescence from GNRs and nanospheres (GNSs). By
using the same TCSPC measure unit mentioned in section 2.3, a gold nanorods
solution was excited by Ti:Sapphire laser in the range from 720nm to 850nm., an
effort has been made to maintain the excitation power to be identical at various
excitation wavelengths. Photon counts from the TSCPC detector were recorded as
luminescence intensity. To directly compare the difference in luminescence intensity,
the optical density from extinction spectrum of GNRs and GNSs solution were
adjusted to be roughly the same.

Fig.2.3(a) displays the TPL intensity (black squares) from nanorods excited under
constant laser power but different wavelength varying from 720nm to 850nm,
together with the extinction spectrum (solid line). The excitation spectrum overlaps
well with the longitudinal plasmon band, indicating that the TPL intensity is
governed by the local field enhancement from the plasmon resonance. A slightly blue
shift between the excitation profile and the absorption spectrum was observable,
possibly due to a slight descent in detector efficiency approaching to IR band. A
similar excitation spectrum result was also observed by Wang et al.[43] They
measured the relative TPL efficiency of GNRs of various aspect ratios ranging from
1.3 to 4.3 (meaning longitudinal modes from 540nm to 820nm) at 815nm excitation.
The result shows that GNRs with longitudinal mode most close to the excitation
wavelength (in their experiment, the one with longitudinal band at 820nm) have the
greatest TPL efficiency. The enhanced absorption by surface plasmons is thought to
be the main contribution to the enhanced TPL efficiency, which increases the

pumping rate of electron-hole pairs.[43]

Furthermore, the TPL intensity from gold nanorods and nanospheres were compared
in Fig.2.3 (b). The difference in absorption spectrum can be clearly identified in the
inset of Fig.2.3 (b), where nanorods have a significant longitudinal band in the NIR
region. With excitation at 800nm (marked by the solid line in the absorption
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spectrum), under same excitation power, TPL intensity from nanorods shows a
significant enhancement than that from nanospheres, which suggests that TPL from

gold nanorods is mainly governed by the longitudinal surface plasmon band.
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Fig.2.3 (a) TPL excitation spectrum (solid squares) compared with absorption of gold
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black line indicates the excitation wavelength.
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2.5 Polarization dependence

The polarization dependence measurements were carried out using Zeiss LSM 510
confocal fluorescence microscope, of which full details can be found in experimental
chapter. GNRs (longitudinal surface plasmon band centred around 750nm) were
dropped onto microscope glass slides for imaging. Ti:Sapphire laser tuning at 750nm
was used as excitation source and an emission longpass 505nm filter was applied to
remove excitation light. A polarizer was placed on the beam path of laser to change

the incidence excitation polarization.

The intensity of TPL from gold nanorods is dependent on polarization of the
incidence beam. TPL enhancement is maximized when the incident field is parallel
to the longitudinal dipolar plasmon resonance along the long axis of the nanorod.
This polarization dependence property makes it possible to identify single
nanoparticles from particle clusters, as the latter provides similar TPL intensity under
different excitation polarization while single particle does not. The polarization
dependence behaviour on incidence excitation is shown in Figure 4, in which GNRs
were excited under perpendicular incidence excitation polarizations. As shown in
rectangular boxes, luminescence from single nanorod can be identified where
luminescence vanishes when the incidence polarization is changed. Spots showing
average luminescence intensity under both excitation orientations are considered to

be nanorods clusters.

(@) (b)

Incidence polarization -45° Incidence polan'zation 45°

Fig.2.4. TPL images under perpendicular excitation polarizations.
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Quantitative measurement by Wang et al. reveals that the TPL intensity, I, follows
the relationship 1=1i,>cos*6, where Ii, is the incidence laser power and 6 represents
the angle between the incidence beam polarization and the long axis of gold
nanorods. [29] The TPL from a single nanorod has the same polarization dependence
as the two-photon fluorescence from a single fluorescent molecule, in accord with
the dipolar nature of the LSP of gold nanorods.[29, 44] However, the TPL emission
from gold nanorods is depolarized, different from plasmon-resonant scattering
processes, which retain the polarization of the incident beam. Furthermore, the TPL
emission spectrum appears to be very broad and is likely to be produced directly by
electron—hole recombination rather than through intermediate particle plasmons in
the single-photon luminescence of gold nanoparticles.

Therefore, the plasmon-enhanced TPL from nanorods is essentially due to a greater
two-photon absorption cross section.[29, 44] On the other hand, for larger nanorods
at sub-micro meter scale, near-field study by Imura et al. reveals a cos?d dependence
of TPL intensity on incidence polarization. This relationship was explained by
sequential one photon excitation processes: an electron in the sp conduction band is
excited by the first photon from below the Fermi surface to above it via an intraband
transition, resulting in a charge-separated state within the conduction band. A second
photon excites an electron from the d band to the sp band, transferring the hole to the
d band. Eventually, an electron-hole recombination emits luminescence. The first
transition is maximized along the longitudinal surface plasmon orientation but the
polarization information is rapidly lost after excitation, whereas the second transition
is polarization insensitive. Therefore, the photoluminescence polarization follows a
cos®d relationship, and does not depend on plasmon enhanced absorption as is the
case of the smaller NRs. These observations are not in conflict because the
submicron NRs used in the near-field study do not have the appropriate aspect ratio

to support a dipolar plasmon resonance at NIR frequencies.[44-47].
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2.6 GNR TPL lifetime

Fluorescence lifetime is the average time a fluorophore molecule spends in the
excited state prior to return to the ground state. It is a critical parameter describing a
fluorescence process, as it determines the time available for the fluorophore to
interact with or diffuse in its environment. Time-resolved research on fluorescence
decay time can provide information on fluorescence dynamics, surrounding
environment and interactions of fluorophores with other particles. The lifetime decay
curve of TPL from GNRs was measured with GNRs solution under 800nm excitation
using a home-built time-correlated single photon counting (TSCPC) system. The
lifetime is found to be around 100ps but is much longer than those achieved in pump-
probe and up-conversion research, where the lifetime of excited electrons in gold
nanorods is found to be less than several picoseconds [48, 49]. This is probably due
to the limit of time resolution caused by the instrumental response function of the
TCSPC system, which is also around 100 ps. Our measurements can give the upper
limit of the decay time of TPL process. This result is confirmed by FLIM

measurement on GNRs samples disposed on glass slides.

2.7 Two photon luminescence of size-selected gold nanorods

The optical properties of metal nanoparticles depend not only on size but also on
shape, which is why the anisotropy of gold nanorods is so important. Most of the
work published to date has used gold nanorods synthesized via a seed mediated
growth process, as a greater level of control is assumed. The nanorods are typically
prepared using the surfactant CTAB to produce an average length in the range of a
few tens of nanometres. These nanorods are relatively large, and the prospect of
producing size-selected nanorods on the scale of 10 nm is attractive, since the local-
field enhancement would be even greater. To date, however, seed mediated growth

suffers from some (seemingly) insurmountable challenges at such small sizes.
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In this section, the investigation of the formation of size selected gold nanoparticles
and their thermodynamically stable shapes will be presented. Luminescence was
studied using fluorescence lifetime imaging microscopy and compared with colloidal
gold nanorods. Compared to colloidal nanoparticles synthesized through a chemical
process, nanoparticles produced using this method have a well-controlled size (5%
resolution) which is tuneable from a few atoms up to hundreds of thousands of atoms
(corresponding to sub-nanometre to a few nanometres in dimension). This facilitates
a study on the evolution of optical properties, from the molecular characteristics of
small nanoparticles to the surface plasmon dominated behaviour of large
nanoparticles. In addition to size-control, nanoparticles thus formed are free of
surfactant, which allows for a study on the influence of surface chemical states on the
optical behaviour. A size-selected cluster source in Nanoscale Physics Research
Laboratory, Birmingham University, has been used to create nanoparticles consisting

of a specific number of atoms, and with the desired dimension less than 10 nm.

The size-selected cluster source employs a novel mass-selection technique based on
the time-of-flight principle that has been implemented into a radio frequency
magnetron sputtering and gas condensation processes.[50, 51] This method has been
described in detail elsewhere, and has the advantage of simultaneously identifying
the size with atomic level precision (via mass spectrometry) and providing the
required degree of selectivity. Gold particles used for TPL imaging study consist of
8860 and 15000 Au atoms.

Fig. 2.5(a) shows a luminescence intensity image, where the bright spots represent
the emission from individual gold nanoparticles. We have analysed different imaging
pixels and display a typical result in Fig. 2.5(b), in comparison with that from
chemically synthesized gold nanorods and 40-6-diamidino-2-phenylindole (DAPI)
under typical two-photon excitation processes and the same experimental conditions
(plotted for reference). A near quadratic dependence of the signal intensity on the
input power, nearly identical to colloidal gold nanorods and close to DAPI, Fig. 2.5
(c), suggests that the luminescence of nanoparticles from both synthetic sources
originates primarily from a two-photon excitation process. Measurement in a cuvette

confirmed the two-photon behaviour for colloidal gold nanorods, but we have
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noticed that microscope measurements often provide a lower value, possibly due to
saturation of the low-density luminescence site. These measurements confirm that
our gold nanorods, produced using the size-selected cluster source, have a similar
optical behaviour to those produced using the traditional seed-mediated growth

methods, and will therefore be suitable for the same types of applications.
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Fig.2.6 Calculated extinction spectra of Au15000 and Au8860 nanocluster ensembles.

The corresponding lifetime image, Fig. 2.5(b), with different colour codes
representing different lifetime scales, also correlates well with its intensity
counterpart. The luminescence lifetime of each pixel is obtained by applying a single
or multi-exponential fit; in this case a single exponential model was used. The
densely packed orange spots in Fig. 2.5(b) have a decay time shorter than the time
resolution of 100 ps, which is the same as observed from CTAB stabilized gold
nanorods under the same experimental conditions. Moreover, the sample in the
absence of gold nanorods showed no fluorescence with a decay time faster than the
100 ps as displayed by the gold nanorods. These results confirm that our gas-cluster
source nanorods have comparable optical properties to seed-mediated nanorods. The
two-photon luminescence of seed-mediated gold nanorods is dominated by surface
plasmon resonance. With the decrease of size, the surface plasmon resonance
becomes broadened and weak due to electron-surface scattering and size dependent

extinction cross-section. Small nanoparticles, with a size below 2 nm, no longer
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possess plasmon resonance, but have molecule-like luminescence features with
longer lifetimes. Because the absorption is too weak to be readily measurable, and to
examine the possible influence of a surface plasmon, we calculated the extinction
spectrum of our gas-cluster source nanorods using Mie theory. The extinction
spectrum of Aul5000, Fig. 2.6, shows a broad surface plasmon absorption ranging

over 460-800 nm, overlapped with the excitation at 750 nm.

The nonlinear property of the luminescence was studied by measuring the
luminescence intensity as a function of excitation power ranging from 1.2 to 10.2

mW and shown to be two-photon in origin.

Occasional bluish patches/pixels in Fig. 2.5(b) with lifetimes longer than
nanoseconds are noticeable. They can be easily distinguished from the emissions
from gold nanoparticles due to the significant difference in the lifetimes under two-
photon excitation, and probably due to contaminants. In addition, these
contamination spots show strong luminescence under single photon excitation, while

signals from gold nanoparticles are below the detection limit. Luminescence is also

observed from gold nanoparticles with 8860 atoms.

Fig.2.7 (a) Luminescence intensity and (b) lifetime images showing gold

nanoparticles (Auisgoo) assembled along trenches on a glass slide.
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A keen eye will notice from both intensity and lifetime images that the fluorescent
gold nanoparticles are not always uniformly distributed, Fig. 2.5. Fig. 2.7 shows
intensity and lifetime images taken from an area of the surface decorated with
numerous trenches. Bright lines on both images indicate aggregation of nanoparticles
in these trenches, whereas the relatively dark areas between the trenches suggest a
low coverage of nanoparticles. This is a result of nanoparticle diffusion after
deposition at room temperature, and the nanoparticles being pinned at low energy
defect sites. This distinction may seem trivial at first, but actually suggests the
possibility of creating luminescent nanostructures through substrate surface

patterning, which is another feature often attributed to seed-mediated nanoparticles.
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Chapter 3 Gold nanorods for fluorescence lifetime

imaging in biology

3.1 Introduction

Gold nanorods are of great interest for optical imaging due to their remarkable
absorption and scattering in the visible and near-infrared (NIR) regions enhanced by
surface plasmon resonance (SPR).[1,2] Especially, the NIR band absorption between
700 and 900 nm, a spectral window which permits photons to penetrate biological
tissues with relatively high transmission, induces two-photon luminescence with
strong intensity.[3,4] Two-Photon luminescence (TPL) from gold nanorods has been
found to be sensitive to the polarization of the incident excitation.[4,5] All these
properties make gold nanorods attractive probes for in vitro and in vivo
imaging.[4,6,7] But so far, most related work has utilized traditional microscopy
methods, such as confocal microscopy and near-field optical microscopy imaging.[8-
12]

In contrast with traditional imaging methods based on fluorescence intensity,
fluorescence lifetime imaging microscopy (FLIM) provides contrast according to the
fluorescence decay time, the term fluorescence being more usually associated with
aromatic dye molecules. Here we have an inorganic system for which the term
luminescence is more usually applied. Lifetime imaging can be integrated with
confocal microscopy, two-photon excitation microscopy, and other microscope
systems. The luminescence (or fluorescence) decay time is the average time a
fluorophore remains in the excited state after excitation. It doesn’t change upon
intensity variations and therefore lifetime measurements are not dependent on the
local concentration of fluorophores, bleaching, the optical path of the microscope,
the local excitation light intensity, or on the local luminescence detection efficiency.
Also, the fluorescence decay time for aromatic molecules usually usefully depends
on the intrinsic characteristics of the fluorophore and local environment - the local
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viscosity, pH, or refractive index,[13-15] as well as interactions with other molecules,
such as collisional or energy transfer quenching.[16,17] Thus, as well as being able
to distinguish spectrally overlapping fluorophores,[18] imaging of the fluorescence
lifetime can be used to probe the surroundings and dynamical processes of a
fluorophore[19,20]. Unlike electron microscopy, fluorescence/luminescence

techniques can be used in situ.

In this chapter, we use FLIM to visualize gold nanorods uptaken by Madin-Darby
canine kidney (MDCK) cells. A very short luminescence decay time of TPL from
gold nanorods is observed. Compared with the lifetime of 4-6-diamidino-2-
phenylindole (DAPI), which is more than 2ns, lifetime imaging shows good contrast.
Furthermore, besides emission, the lifetime could be an alternative identification of

gold nanorods in biological imaging.

3.2 Experimental methods

Gold nanorods were synthesized by the seeded growth method. [21] Detailed
synthesis process and recipe can be found in Chapter 2. The absorption spectrum
shows a longitudinal plasmon mode centred at around 750nm and a weak transverse

plasmon mode at 550nm.

Gold nanorods dispersions were centrifuged to remove the excess CTAB and re-
dispersed in deionized water twice (14000rpm, 5 mins per cycle) with a final optical
density about 1.0 at 750nm. MDCK cells were treated with 100 pl of gold nanorods
solution and incubated for 3 hours under standard cell culture conditions at 37<C and
5% CO,. The cells were washed thoroughly with phosphate buffered saline (PBS) to
remove excess nanorods and fixed with 3.7% paraformaldehyde. After staining with
4'-6-Diamidino-2-phenylindole (DAPI), the sample was dispersed on a glass slide

and covered with a coverslip for imaging.

57



FLIM was performed by using a confocal microscope (LSM 510, Carl Zeiss)
equipped with a time-correlated single photon counting (TCSPC) module (SPC-830,
Becker & Hickl GmbH). A femtosecond Ti:Sapphire laser (Chameleon, Coherent)
was tuned at 750nm to generate TPL from gold nanorods as well as DAPI. The laser
pulse has a repetition rate of 80 MHz and a duration of less than 200fs. Emission was
collected by a 63x water-immersion objective (N.A.=1.0) and a bandpass filter with a

transmission window from 535nm to 590nm.

3.3 Results and discussion

The TPL image of gold nanorods dispersed on a glass slide is shown in Fig.3.1 (a).
Bright spots are due to the TPL from nanorods, while large bright islands correspond
to nanorods clusters. Strong TPL from separated nanorods can be well identified,
suggesting potential application in cell imaging. Fig.3.1 (b) and (c) correspond to
nuclei stained by DAPI (Emission maximizes at around 460nm and does not shift
much under two photon excitation [22]), while bright spots are due to TPL from gold
nanorods. Compared with cell reference sample (Fig.3.1 (b)), it is clear that there was
nanorods taken up by MDCK cells, and nanorods showed a stable and strong
luminescence in cell environment. Fig.3.1 (d) shows the spatial intensity distribution
of the region marked by red rectangle in Fig.3.1 (c), where emission from gold
nanorods, represented by sharp peaks, has intensity several times stronger than that
from DAPI.
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Fig.3.1 Two-photon fluorescence image of gold nanorods in cell culture. (a) gold

nanorods solution on glass slides; (b) reference cell sample; (c) Cells incubated with
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gold nanorods; (d) comparison of two-photon luminescence from gold nanorods and
DAPI.

Results of confocal and FLIM imaging from gold nanoparticles and MDCK cells are
presented in Figure 3.2. Similar to Fig.3.1, The elliptical shapes in Fig.3.2 (a)
correspond to nuclei, and bright spots are TPL from gold nanorods. Internalization of
CTAB stabilized gold nanorods in cells has been reported before, and studied using
3-D stack confocal microscopy[8, 9]. Fig.3.2 (b) is a FLIM image from the same
sample area as in Fig. 3.2(a), with different coded colors representing different
lifetime scale. The luminescence lifetime of each pixel is obtained by applying a
single or multi-exponential fit; in this case a single exponential model was used. The
fluorescence lifetime of DAPI is found to be longer than 2 ns, and fitted well by a
single exponential model. This value is in accordance with published data on FLIM
analysis of DAPI.[12]While the TPL decay time of gold nanorods is shorter than
100ps, and this result is confirmed by FLIM study of pure gold nanorods on a glass
slide as well as time resolved luminescence measurement of gold nanorods in a
cuvette using the same excitation and time-correlated single-photon counting
(TCSPC) [23] (not shown here). To avoid photo bleaching or damages to the
biological sample, excitation power and accusation time in FLIM experiments cannot
be set to be too high. Therefore, number of accumulated photons will be less than
that of a solution phase TCSPC setup. The peak value of a decay curve in a FLIM
result should be at least 100 photoncounts to get a reliable single exponential fit,
1,000 photons for a two-exponential and 10,000 for a three-exponential decay model.
This threshold number can be decreased if any component of a multi-exponential
model is known. Our results meet the required photoncounts for a reliable fit.
Furthermore, due to the huge time gap between the two decay components, the fit

result will be even more reliable.
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Fig.3.2 (a) Intensity image of reference MDCK cells; (b) lifetime image of gold
nanorods in MDCK cells; (c) Typical TPL decay curves of DAPI and gold nanorods;
(d) Histogram of lifetime of every single pixel in the FLIM image; (e) Enlarged
lifetime image corresponding to red rectangular area in (b); (f) decay curves and

fittings derived from region A, B and C in (e). Scanning area: 133pm x 133pm for
(@), 67pm x 67m for (e).
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Nevertheless, the contrast in lifetime scale can be clearly seen in Fig.3.2 (b), which
gives the typical line shapes of fluorescence decay curves of DAPI (black) and gold
nanorods (red) as shown in Fig.3.2(c). The luminescence lifetime distribution of all
the pixels is shown in Fig.3.2 (d), where two peaks can be identified, one at around

100ps corresponding to gold nanorods and the other to DAPI.

The FLIM image is in good accord with the intensity image, but is superior in
contrast to the latter, which is caused by the huge gap between the decay time from
gold nanorods and DAPI. As the lifetime of gold nanorods is much shorter than that
of commonly used fluorescent molecules and other quantum particles, the lifetime
can be a useful identification parameter in bio-imaging. Moreover, FLIM provides
details which are lost when using traditional imaging due to the low luminescence
intensity, because lifetime measurement does not depend upon the fluorophore
concentration. For example, detailed features from gold nanorods in the rectangular
region in the FLIM image, Fig.3.2 (b), are apparent but not visible in the intensity
image, Fig.3.2 (a).

FLIM can also provide more information based on luminescence lifetime analysis.
Fig.3.2 (e) amplifies the red rectangular region in Fig.3.2 (b). In the nuclei areas,
orange dots and yellow areas are clearly visible surrounded by blue areas (DAPI).
Three typical regions are labelled as A, B and C. Corresponding decay curves of
these three regions derived from the FLIM image are shown in Fig.3.2 (f) together
with mono-exponential (C) or bi-exponential (B) fittings. Typically, DAPI has a long
lifetime in the range from 1.5ns to 3.5ns, such as that found in region C. In contrast,
decay curve in region A is in the system response level, similar to that from
separated gold nanorods, indicating a lifetime shorter than 100ps. Decay curve from
region B, which can be well fitted by a bi-exponential model with one component
around 100ps and the other 3ns, are considered to be an overlay of the emissions of
nanorods and DAPI. Thus FLIM image reveals the existence of gold nanorods in

these orange-yellow areas, indicating the uptaken of gold nanorods by MDCK cells.
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3.4 Conclusion

In summary, we have studied gold nanorods as luminescence label in MDCK cells
by FLIM, which provides a better contrast ratio and more detailed features than with
intensity imaging. The luminescence lifetime of gold nanorods is found to be less
than 100ps, much shorter than most dye molecules, suggesting the possibility of
distinguishing gold nanorods from extrinsic and endogenous fluorophores in
biological systems. Thus, the characteristic lifetime together with polarization of
TPL from gold nanorods can be a promising imaging contrast agent for use in

luminescence microscopy in biology.
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Chapter 4

Two-photon excited surface plasmon enhanced
energy transfer between DAPI and gold
nanoparticles: opportunities in intra-cellular imaging

and sensing

4.1 Introduction

Energy transfer is one of the fundamental processes governing light-harvesting in
biological systems and energy conversion in electronic devices such as organic solar
cells or light-emitting diodes. F&ster resonance energy transfer (FRET), which
occurs between donors and acceptors in close proximity, is referred to as the
‘spectroscopic ruler’ and has been applied to a broad range of research, including
distance distributions,[1, 2] metabolic sensing,[3] protein and cell function.[4-6]
FRET theory assumes a (point)-dipole-dipole interaction between a donor and an

acceptor and derives an expression for the energy transfer rate kr (r) defined as,

|

(4.1)

where 7 is the intrinsic fluorescence lifetime of the donor, Ry is the F&sster distance
at which the energy transfer rate equals the donor decay rate in the absence of
acceptor and r is the distance between donor and acceptor.[7,8] The effective range
of FRET is reported to be typically less than 80A, as limited by the nature of the
dipole-dipole mechanism. However, this constraint in the length scale of detection
can be extended dramatically when metallic particles act as acceptors since the

distance dependence now scales at less than the 6™ power. A surface energy transfer
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(SET) model has been proposed to described the energy transfer from a dye to

metal,[9] where the transfer rate goes as d * given by Equation (2)

co-2f4)

(4.2)

Here, 7p is the lifetime of donor and d is the separation between donor and acceptor;
do is the separation at which the transfer rate equals to unity. The 4™ order distance
dependence compared to a 6™ order relationship in FRET model is due to the
coupling of electronic dipole of the donor to the free electron dipoles on the metal
surface, relaxing the dependence of the vector projection. Therefore, SET can be
extend the spectrum ruler range compared to FRET, and the effective energy transfer
distance between donor and acceptor particle can be as much as twice compared to
FRET model.[10, 11]

In addition to extending the upper range limit, gold nanoparticles are in many ways
superior to organic dye molecules in energy transfer application as they are
photostable, low toxicity and can also be easily conjugated to biological structures.
This is especially true for gold nanorods (GNRs), where their strong two-photon
luminescence (TPL) arising from surface plasmon resonance, makes them excellent
fluorescence probes in biological imaging.[12-16] Two-photon excitation has
advantages over one-photon excitation because of higher spatial resolution, deeper
penetration and less photo-damage due to near infrared (NIR) excitation. It thus has
special appeal for intracellular measurement. Previously we demonstrated that by
incorporating GNRs in cells their fast fluorescence decay time of GNRs could be
used to good effect in FLIM.[17]

In this chapter we report another important aspect of GNRs, namely the study of
energy transfer between 4'-6-Diamidino-2-phenylindole (DAPI), a commonly used
DNA dye,[18,19] and GNRs in comparison with gold nanospheres (GNSs) under
two-photon excitation. Solution phase studies reveal the energy transfer efficiency is
higher in the presence of GNRs than GNSs. Further study on a cell culture

environment confirms energy transfer between DAPI molecules and GNRs taken up
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by MDCK cells. The study shows the possibility of exploiting both the TPL imaging
and energy transfer process to trace gold nanoparticles and their interaction with

biomolecules within cells.
4.2 Experimental methods

Gold nanorods and spheres were both synthesized by the seeded growth method.[20]
Gold nanorods have a longitudinal plasmon mode centred at around 850nm, a
transverse band at 525nm, while GNSs have single surface plasmon band at 535nm.
For energy transfer studies, 2ml 4.3uM DAPI solution was mixed with 1ml GNRs
(Sample 1), 1.4ml GNRs (Sample 2), Iml GNSs (Sample 3), 1.4ml GNSs solution
(Sample 4) and 2.8ml GNSs (Sample 5) solution. 150ul of each sample was placed in

an imaging chamber for microscopy studies.

To prepare cell culture samples, gold nanorod dispersions were centrifuged to
remove the excess CTAB and re-dispersed in deionized water twice (14000rpm, 5
mins per cycle) with a final optical density about 1.0. MDCK cells were treated with
100 pl of gold nanorod solution and incubated for 3 hours under standard cell culture
conditions at 37<C and 5% CO,. The cells were washed thoroughly with phosphate
buffered saline (PBS) to remove excess nanorods and fixed with 3.7%
paraformaldehyde. After staining with 4'-6-Diamidino-2-phenylindole (DAPI), the
sample was dispersed on a glass slide and covered with a coverslip for imaging.

FLIM imaging experiments were performed using a confocal microscope (LSM 510,
Carl Zeiss) equipped with a time-correlated single photon counting (TCSPC) module
(SPC-830, Becker & Hickl GmbH). A femtosecond Ti:Sapphire laser (Chameleon,
Coherent) was tuned to 750nm. The laser pulse has a repetition rate of 80 MHz and
duration less than 200fs. Emission was collected by a 60x water-immersion objective
(N.A.=1.0) and a bandpass filter with a transmission window from 390nm to 465nm.
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4.3 Results and discussion

4.3.1 Spectroscopic characterization of donor and acceptor particles

The spectrum overlapping between donors and acceptors are presented in Figure 4.1.
Figure 4.1 (b) shows the absorption and emission spectrum of donor molecules. The
emission band of DAPI centres around 475nm and the absorption peak lies close to
350nm. Figure 4.1 (c) depicts the absorption spectrum of GNRs and GNSs, with a
surface plasmon peak at 530nm for GNSs and a transverse surface plasmon peak
around 520nm for GNRs, and the overlapping of the emission spectrum of DAPI
(taken with excitation at 305nm, intensity denoted with 1)). It reveals that the
emission spectrum of DAPI overlaps quite well with the absorption spectrum of the
GNRs and GNSs solution. As the emission spectrum of DAPI follows the same
structure under single and multi-photon excitation,[21] we use this spectrum to

calculate the overall integral of donor and acceptor overlap.
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Fig.4.1. (a) Chemical structure of DPAI molecule (b) Absorption and emission
spectrum of DAPI; (c) Emission spectrum of DAPI solution (solid line) and
extinction spectrum of GNRs and GNSs (dashed lines, red for GNRs and blue for
GNSs).
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4.3.2 Decay time measurements of donor (DAPI) molecules

Fig. 4.2 (a), (b) Average lifetime images of sample 1 and 2 mixed with GNRs; inset

displays the mapping of long lifetime component, z,, (details see text); (c), (d)
Avrage lifetime images of sample 3 and 4 mixed with GNSs.
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150 ul of each mixture solution was placed in imaging chambers for the FLIM test,
which are shown in Fig.4.2. With colour codes representing decay times form 0
(orange) to about 2.4ns (blue), significant differences between lifetimes of individual
mixture samples can be seen. As both acceptor gold nanorods and donor molecules
DAPI emit light under the excitation condition, and their emissions cannot be
distinguished due to spectroscopic overlapping, a two-exponential decay model were
applied to sample 1 and 2. The multi-exponential model is expressed in Equ.4.3, for
two-exponential model, n=2. While for sample 3, 4 and 5, a single exponential model
(n=1) was utilized because gold nanospheres do not emit light. The average lifetime,
which can be expressed in Eqn.4.4, for sample 1 and 2 are shown in Fig 4.2 (a) and
(b). As we are more interested in the donor lifetime, the long lifetime component 7,

representing the contribution from DAPI, can be found in the insets of Fig4.2 (a) and

(b).

n
I = Z a;exp(—t/t;)
i=1
(4.3)
_ =1 AT
Tave = W
(4.4)

Fig 4.3 (a) displays typical decay curves of DAPI solution with and without GNRS
extracted from FLIM results (dependence of fluorescence intensity | on time t). The
photoluminescence decay of DAPI solution without GNRs can be fitted by a mono-
exponential model with a decay time of 1.7 ns. A bi-exponential decay is observed
for DAPI solution with GNRs, as expected because GNRs have two-photon
luminescence under 750nm excitation. The average decay time is 290 ps (r;=100ps
and 7,=1.55ns) for S1, and 90 ps (z1=80ps and 7,=800ps) for S2, respectively. The

long lifetime component, 7, is related to the emission from DAPI, while the short
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component, 71, limited by the system response time, is considered to be emission
from GNRs and is consistent with our previous study.[17, 22] It suggests that at a
relatively low concentration of GNRs (S1), 7, shows no significant decrease
compared to pure DAPI solution. With further increase of GNRs concentration, as in
S2, about 50% decrease of 1, (from 1.55ns to 800ps) has been observed. Furthermore,
the contribution from GNRs, 77, to the total decay curve increased from around 85%
to 95%, which indicates an enhancement of acceptor emission. These results
confirm energy transfer from DAPI to GNRs. In contrast, no lifetime change was
observed for DAPI solution with and without GNSs (S3 and S4 in Fig 4.3 (b)). All
decay curves show a lifetime around 1.7ns. Only, on adding more GNSs (double the
concentration of S4), the lifetime of DAPI decreases, S5 in Fig4.3 (b), where the

long lifetime component decreases to less than 1ns.

4.3.3 Comparison of FRET and SET model

The concentration of GNRs and GNSs are estimated from the absorption spectrum
using reported gold nanoparticle extinction coefficient.[23,24] They are comparable
at 1.8x10™ M for GNRs and 2.8x10™ M for GNSs. Scanning Electron Microscope
(SEM) study reveals that the sizes of these two nanoparticles are also comparable,
with diameter of GNSs and long axis of GNRs both around 50nm.

The FRET transfer rate for a donor and acceptor separated with a distance r can be

calculated as:

[0e]

) j Fyy (1) £4()A*dA

0

ke (1)

_ QpK? <9000(ln10)

7% \ 12815 Nn*

(4.5)

where Qp is the quantum vyield of the donor in the absence of acceptor, n is the
refractive index of the medium, N is Avogadro’s constant, r is the distance between
the donor and acceptor, and zp is the lifetime of the donor in the absence of acceptor.
The refractive index (n) is typically assumed to be 1.4 for aqueous solution. Fp(4) is
the corrected fluorescence intensity of the donor in the wavelength range 1 to 1+42
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with the total intensity (area under the curve) normalized to unity. ea is the extinction
coefficient of the acceptor at 4, which is typically in units of M™cm™. The «? term is
relative orientation factor in space of the transition dipoles of the donor and acceptor.

The overlap integral J(1) expresses the degree of spectral overlap between the donor

emission and the acceptor absorption, and is given by

o)

JQ) = f Fp(2) e(DA*dA =

0

Jy” Fp(A) £a(D)A*dA
Jy Fp (1) da

(4.6)

Fo(4) is dimensionless, and if ¢ is expressed in the units of Mcm™ and 4 is in
nanometers, then J() is in units of Mecm™nm®. In calculating J¢l), corrected
emission spectrum, with which area under spectrum curve is normalized to unity,

should be used.

At Faster distance Ro, half the donor molecules decay by energy transfer, with
k'(r)=z5, R can be calculated using equation below,

(0]

f Fpy (L) £4(D)14dA

0

6 _ 9000(In10)Qp x>
0 12875 Nn*

4.7

From this expression, the F&ster distance Ry can be calculated by the spectral
properties of the donor and acceptor, as well as the donor quantum yield. By

combining know values and experimental constants, Ry can be expressed as

R, = 0.2x2n" QI (A)'° A
(4.8)

with wavelength is in the units of nm. In our experiments, replacing Qp with

quantum yield of DAPI @, , Ro can be calculated by

R, = 0.21xn"*® ., J(A)° A
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(4.9)

where «? is the orientation factor, @, is the quantum yield of DAPI, J(1) is the

overlap integral between the absorption of GNRs and the emission of the DAPI, and
n is the refractive index of the medium. The Ry is calculated as 534A using x*=2/3,

n=1.4, @y, =0.03, and J(A) =5.10x10” M™* cm* nm* for DAPI solution with

GNRs. The calculated Rq is far beyond the effective FRET distance, suggesting a
transfer mechanism different from FRET dipole-dipole theory. On the other hand, the
do in SET, can be calculated from the following equation:

0.225¢°D,, s

2
a)DAPI a)F kF

do =(
(4.10)

where c is the light speed, wpap) the frequency of the donor electronic transition and
the wg Fermi frequency, and ke Fermi wave vector of the metal. With
wpap1=3.9x10"s", ke =1.2x10%cm, and ©F=8.4x10"s™, dy is calculated as 33 A

which is smaller than calculated dy (around 80 A) in previous research on SET from
rhodamine 6G to gold nanoparticles,[25] probably due to the relatively low quantum
yield of DAPI.

However, neither FRET nor the SET model can explain the difference between the
transfer efficiency of GNRs and GNSs. In the FRET model, Ry for rods and spheres
should be comparable, as the absorption spectrum of these two nanoparticles show
similar structure in the DAPI emission range. While in the SET model, dy are
identical for GNRs and GNSs, as the parameters related to acceptor, i.e., wg and K,
are derived from bulk gold. This large discrepancy is unlikely to be due to surface
(size) effect,[26] as the sizes of the two nanoparticles are comparable and both are
significantly larger than dye molecule. Enhanced FRET from donor molecules to
acceptor molecules in the presence of metal nanoparticles has been reported.[27]
Considering the difference of these two nanoparticles in their near infrared
absorption, we propose that under two-photon excitation of DAPI, where incidence
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light wavelength overlaps with the longitudinal surface plasmon band of GNRs, the
enhanced local field as a result of surface plasmon resonance leads to the stronger
energy transfer effect.

4.3.4 Applications in biological imaging

The potential for gold nanoparticle-dye energy transfer combinations was
demonstrated in a FLIM study of GNRs internalized by MDCK cells. As shown in
Fig 4.4 (a), with coded colours representing average lifetimes from 0.05ns to 3.5ns,
emission from GNRs and DAPI can be easily distinguished. Blue elliptical shapes
with average lifetime around 2.5ns are nuclei dyed with DAPI and orange spots
around nuclei with average lifetime at the level of the system response time are
emission from GNRs, which is in accordance with our previous report.[17, 22]
Concentrating on detailed structures, lifetime decays from rectangular region labelled
A and B are displayed in Fig 4.4(b). A decay curve of pure DAPI in cell culture is
plotted as a reference, and can be fitted by single-exponential decay with a lifetime
of 2.5ns. Both decay curves A and B can be fitted with a bi-exponential model, with
a shorter component at the system response level due to GNRs and a longer
component at the magnitude of ns due to DAPI. For decay curve A, the longer
component is 2.5ns. A reduced lifetime component, 0.9ns, is found for decay curve B.
The shortening of DAPI lifetime indicates energy transfer between DAPI and GNRs
taken up by MDCK cells in the latter case. This result is consistent with that

observed in the solution phase study.
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Fig 4.4. (a) FLIM image of GNRs incubated in MDCK cells. Images taken under
750nm excitation, emission collected with 535-590nm, scanning area 67um x 67um;
(b) Normalized decay curves derived from region A and B in (a), with decay curve of
DAPI as reference.
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4. Conclusion

In summary, we have found enhanced energy transfer between DAPI and GNRs
under two-photon excitation, which is consistent with the result from a FLIM study
in cell culture. The energy transfer provides more detailed information in biological
studies using GNRs as fluorescence probes, especially when combined with the
advantages of two-photon excitation microscopy and more intense TPL from GNRs.
GNRs would seem to have further potential, not only in FRET imaging, but also in
ways that complement the growing application of other nanoparticles, such as
quantum dots,[28] in fluorescence lifetime-based intra-cellular sensing of bio-
analytes such as metal ions,[29] protein,[2] as well as nuclear targeting cancer
therapy.[30]
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Chapter 5

Two photon excitation enhanced energy transfer and
FLIM-FRET study on intracellular pathways of gold

nanorods

5.1 Introduction

Interaction between metal nanoparticles and fluorophores, such as enhanced
photoluminescence, luminescence quenching and the energy transfer effect, has been
well utilized in both fundamental and applied research work.[1-10] Among all those
interactions, the energy transfer effect depends critically on the separation between
donor and acceptor molecules, and has been referred to as a molecular ruler. There
have been substantive published reports on energy transfer effect based on gold
nanoparticles,[6, 9-12] especially in the field of biological study such as bio-imaging
and sensing, due to their noble physical properties and subtle cytotoxicity to
biosystems.[13-17] For gold nanoparticles, especially nanorods, the particle shape is
critical for their surface plasmon band structure, which affects the particle physical
properties dramatically (details can be found in Chapter 1 and 2). In research related
to biological imaging and sensing, two-photon induced luminescence (TPL) plays an
important role, as TPL from gold nanorods is strong and stable compared to common
fluorophores. Moreover, multi-photon excitation has advantages over single photon
excitation, such as larger penetration depth and higher spatial resolution (details can
be found in in Chapter 1). However, most publications so far have treated gold
particles as metal surface in energy transfer study,[18-20] few reports have been

focused on the contribution from particle shape, and excitation conditions.

In Chapter 4, we have demonstrated that in the mixed nanoparticle-DAPI system,
compared to gold nanospheres, gold nanorods can enhance energy transfer effect due

to their strong localized surface plasmon oscillation in near infrared range. In the first
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part of this chapter, we will study the energy transfer considering different excitation

conditions in hybrid Fluor405 dye and gold nanoparticles.

In the second part of this chapter, we will demonstrate an application of combined
fluorescence resonant energy transfer (FRET)-fluorescence lifetime imaging
microscopy (FLIM) technique in the study of cell uptake process of gold
nanoparticles. As gold nanorods have been widely used in biological research, such
as drug delivery, cancer therapy or in vivo and in vitro imaging and sensing,
understanding the uptake mechanism of gold nanoparticles into cells plays an
important role in all these applications. However this is not a straightforward task,
because both the cell function mechanism and properties of nanoparticles affect cell
uptake process.[21-29] There are a variety of nanoparticle pathways and mechanisms
into cell membrane, and results between different publications are still inconsistent.
[30-31] Furthermore, the properties of nanoparticles, such as the size, shape, surface
charge and coating conditions, all affect the uptake process.[30,32-34] At last,
nowadays there is no effective research methodology to trace nanoparticles in this
dynamic process. For example TEM can provide high resolution image, but
visualizes specimen at vacuum, therefore is not able to provide in situ, time lapse
examination. Traditional fluorescence microscopy can be operated in vivo or in vitro,
but is lack of high sensitivity and resolution.

In this chapter, we will study the uptake mechanism of gold nanorods using two-
photon FLIM-FRET method.

5.2 Experimental methods

Gold nanorods used were provided by our colleagues, and synthesized by seeded
growth method. Multi-layer coated nanoparticles were prepared following a layer by
layer procedure: capped nanorods were centrifuged at 8500 rpm for 10 minutes, and
were modified to O.D. 1.0; then nanorods solution was mixed with
polystryrenesulfonate (PSS) solution (10mg/ml in NaCl) with volume 5:1 and stirred
for 5 minutes; after centrifuged at 8500 rpm for 15 minutes to remove excess
polymers, and the remaining PSS coated nanorods solution was modified to O.D. 1.0;

then PSS coated particles were mixed with poly-(diallyldimehtylammonium chloride
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(PDDAC) solution (10mg/ml in NaCl) with volume ratio 5:1 and stirred for another 5
minutes; excess polymers can be removed by centrifuge. Multi-layer PSS/PDDAC
coated nanoparticles can be prepared by repeating the process described above. The

detailed recipe can be found at ref [35].

Fluor405 dyes were purchased from Sigma-Aldrich, and the mixture solution with

gold nanorods was prepared as:
sample ‘FO-1’: mixture solution of 500 gold nanorods and 1501 F405dye;
sample ‘FO-2’: mixture solution of 500 gold nanorods and 3004 F405dye.

Hela cell-lines were obtained from American Type Culture Collection. Cell culture
medium was high-glucose (4.5 g/l) DMEM containing foetal calf serum (10%), L-
glutamine (2.9mg/mL), antibiotic-antimycotic solution (GIBCO). Cells were
routinely cultured at 37°C under 5% CO,. Cell light Endosomes-GFP BacMam 2.0

GFP earlyendosome marker was purchased from Invitrogen.

Spectroscopy studies were carried out using a JASCO V-660 absorption
spectrometer and HORIBA Fluorolog-3 FL3-22 emission spectrometer. Fluorescence
decay times were obtained using both HORIBA-IBH TCSPC lifetime measurement
kit and B&H lifetime module. Fluorescence and FLIM images were taken with Zeiss
LSM-510 confocal microscope and attached B&H module. Detailed configuration

can be found in results section.

5.3 Results and discussion

5.3.1 Two-photon enhanced energy transfer effect

The absorption spectrum of gold nanoparticles, the ‘acceptor’ in the energy transfer
system, and emission spectrum of pure 9.7mM Fluor405, the ‘donor”, together with
sample FO-1 are shown in Fig.5.1. After have been mixed with gold nanorods, the

emission spectrum structure of the Fluor405 dye is found to be slightly changed,
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which is still not thoroughly understood. This emission reshaping may origin from an
environmental change of fluorophores when they are covalently bonded to gold
particle surface, which has been found in semiconductor quantum dots-metal particle
hybrid system.[38] We have compared the emission spectrum of Fluor405 mixed
with multi-layer polymer coated gold particles, a similar spectrum structure as pure

dye solution has been detected.
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Fig.5.1 Emission spectrum of pure Fluor405 dyes and mixture solution with gold
nanorods (solid lines); Absorption spectrum of gold nanorods (GNRs) and gold
nanospheres (GNSs) (dotted lines). All spectra have been normalized for
comparison purpose.
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The single-photon excited fluorescence lifetime of the mixture solution and Fluor405
dyes can be seen in Fig.5.2. The y-axis stands for photon counts, or luminescence
intensity, in arbitrary unit, and the x-axis shows time in ns. All samples were excited
by 374nm laser, and emission light was collected with a longpass 405nm filter. The
decay times of mixture solutions are found to be decreased compared to that of pure
reference dye solution. After fitting all decay curves with multi-exponential model
(see Chapter 1-1.2.1 for details),

I =1y Xi- Biexp(—t/T)) (5.1)

the difference between samples can be demonstrated in a quantitative manner. In this
case, for FO-1 and FO-2 n=3, and for F405 n=2. The fitting results can be found in
Table.5.1.
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Fig.5.2 Single photon excitation fluorescence decay curves of Fluor405 dyes, sample
FO-1 to FO-2.
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Bl B2 B3 T1 T2 T3 Chi-
squar
e
FO-1 23.2 | 2.64% | 7416 | 157+0.06n | 0.27+0.02n | 3.26+0.08n | 1.11
% % S S S
FO-2 325 | 3.25% | 64.25 | 1.844+0.09n | 0.38+0.02n | 3.15+0.01n | 1.02
% % S S S
F405 4.76 | 95.24 | N/A 0.27+0.05n | 3.60+0.03n | N/A 1.03
control | % % S S

Table5.1 Fitting results of mixture solution and pure Fluor405 dye under single
photon excitation. A multi-exponential decay model described as equ.5. 1 was
applied. For FO-1 and FO-2 n=3 and for F405 control n=2.

For the two-photon excitation lifetime measurement, all mixture solutions were
placed in an imaging chamber and excited by a chameleon pulse laser operated at
810nm. The emission light was collected through a 390-465nm bandpass filter and
the decay time was measured with B&H FLIM module operating at ‘single’ mode,
which is used for classic lifetime measurement. The curve ‘Prompt’ is the decay
curve from gold nanorods solution. The decay curve of Sample FO-1 is shown in
Fig.3, denoted with ‘Decay’. The oscillation in the decay curve, which was more
apparent in the decay curves from pure gold nanorods solution, is believed due to the
influence from luminescence of gold nanorods. Here we use signal from gold
nanorods as prompt to fit decay curves to get reasonable results, as the lifetime of
two-photon luminescence from gold nanorods is quite short (within the system
response level, reported in early chapter as well and confirmed here in this system).
As shown if Fig.5.3, the fitting curve overlaps quite well with experimental result.

The detailed fitting results are shown in Table.5.2.
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Fig.5.3 Decay curves of gold nanorods and Fluor405 mixture solution under two-
photon excitation. Excited at 810nm, emission was collected with bandpass filter
390-465nm, sample FO-1.

B1 B2 T1 T2 Chi-

square

FO-1 4.88% 95.12% | 2.81+0.02ns | 0.0090+0.0002ns | 1.09

FO-2 3.05% 96.94% | 2.59+0.01ns | 0.0062+0.0002ns | 0.86

F405 100% N/A 3.754+0.01ns | N/A 1.04
control

Table5.2 Fitting results of two-photon excitation data. A multi-exponential decay
model described as equ.5. 1 was applied. For FO-1 and FO-2 n=2 and for F405
control n=1.

We have examined the interaction between gold nanoparticles and Fluor405 dyes in
solution phase by monitoring the fluorescence lifetime change. The decay curves
were fitted by equ.5.1, where n equals 2 for FO-1 and FO0-2, 1 for F405 control.
Comparison of decay times of different samples is shown in table 5.1 and table 5.2..

Under single photon excitation, decay time of F405 can be well fitted by a two-
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exponential model, and the dominating long lifetime component is around 3.6ns.
When mixed with gold nanorods, the longer component drops to 3.26 ns for sample
FO-1 and 3.15ns for sample FO-2. Sample FO-1, which has a shorter distance between
donor and acceptor than F0-2, is found to show less decrease in decay time. In the
two-photon excitation experiments, the decay curves can be fitted by a two-
exponential model, in which the shorter component is from gold nanorods and the
longer one from Fluor405. Tabel.5.2 shows a more significant decrease in lifetime
(from 3.85ns down to around 2.8 and 2.6ns), which may suggest an enhanced energy
transfer process under two-photon excitation. Similar to what observed from hybrid
system of DAPI and gold nanorods, this two-photon induced enhancement effect
cannot be explained by Fd&ster resonance energy transfer or surface energy transfer
model, because both theories do not consider the effect from excitation conditions. It
has been revealed that in the vicinity of metal particles or surfaces, the radiative
dipole of donor fluorophores interacts with both the incidence and scattered
electromagnetic field. Therefore we attribute the enhanced energy transfer under
two-photon excitation to the effect arising from localized longitudinal surface
plasmon oscillation, which resonates at the incidence wavelength and enhances the
non-radiative energy transfer decay rate from the donor fluorophores to the
nanoparticles.[39-42]

Moreover, no change in lifetime has been found in the mixture solution of gold
nanospheres and Fluor405, no matter single or two-photon excitation, which is

consistent with the result obtained from DAPI-gold nanorods system.

5.3.2 FLIM-FRET imaging: research on cell uptake mechanism of gold

nanoparticles

The emission and absorption spectrum of GFP are shown in Fig.5.4, with emission
peaking around 510nm and absorption around 488nm. Fig.5.5 (a) is a typical pseudo
colour confocal image of Hela cells with earlyendosome labelled by GFP. The

specimen was excited with 488nm Argon laser and the emission fluorescence was
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collected with a long pass 505nm filter. Bright spots in the image are considered to
be fluorescence from GFP. Fig.5.5 (b) shows the control sample where Hela cells
were not treated with GFP and examined under the same imaging configuration as
Fig.5.5 (a). Compared to labelled ones, no strong fluorescence signal but only weak
cell self-emission can be seen in fig. 5.5 (b). In Fig.5.5 (c) and (d), the same region is
examined under two-photon excitation. Fig.5.5 (c) is the TPL intensity image taken
from the same sample as in Fig.5.5 (b) excited under 850nm femto-second laser and
500-550nm emission bandpass filter. Fig.5.5 (d) is the FLIM image of Fig.5.5 (c),

different colours in each image pixel varying from orange to blue demonstrate
different fluorescence lifetimes ranging from 0 to 3ns. The fluorescence lifetime was
obtained by fitting the experimental decay curves by a single exponential decay
model, as shown in Fig.5.5 (e). Lifetime of GFP in cell culture is found to be around
2ns, as seen in the lifetime distribution in Fig.5.5 (f). This lifetime value is in
consistent with published results.[43, 44] By comparing the images shown in Fig.5.5,
we can confirm that Hela cells have been well stained by GFP. GFP emit strong and

stable fluorescence under both single and two-photon excitation.

Absorption
Fluorescence emission

i I I | I

350 400 450 S500 550 600 650
Wavelength (nm)

Fig.5.4 Absorption (blue solid line) and emission (red solid line) spectrum of GFP,
from the manual book provided by Invitrogen.[45]
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Fig.5.5 (a) Confocal fluorescence image of GFP stained Hela cells, excited under
488nm Argon laser, emission collected with longpass 505nm filter; (b) Hela cells
without GFP labelling; (c), (d) Intensity and FLIM image of two-photon excited GFP
stained Hela cells, excited under 850nm and emission collected with 500-550nm
bandpass filter. For FLIM image, the lifetime ranges from 0 (orange) to 3ns (blue); (e)
Typical decay curve of fluorescence from GFP in cell culture; (f) Distribution of
fluorescence lifetimes displayed in (d).
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To investigate the uptake process of gold nanorods by Hela cells, we have incubated
the cell lines with gold nanorods at 5% volume concentration under 37 °C for
different time periods, from 30 minutes to 1 hour. FLIM images are shown in Fig.5.6;
from (a) to (c), the gold nanorods incubation time in Hela cells is 30minutes, 45
minutes, and 1 hour. All images have been fitted by a two-exponential model
(equ.5.1, n=2)considering the luminescence from gold nanorods, and the coded
colour represents the average lifetime

Tave = Z? B;T; (5-2)

(descriptions of fitting model and average lifetime can be found in chapter 1 and 4).
Due to the short decay time (in system response level) and strong luminescence of
TPL from GNRs (contribution over 80%) in overlapping pixels where both emissions
from GNRs and GFP were found, the average lifetime in these pixels is quite short,
usually around several hundred pico seconds. Therefore brighter orange/yellow spots
in cell region are considered to be signals from gold nanorods.

A few gold nanorods were found in cells after incubation of 30min and 45min, while
significant amount of nanorods have been found in cells after 1 hr incubation,
demonstrated by the increasing in number of the pixels displaying shorter lifetime
luminescence. To investigate the influence of surface functionality of nanoparticle on
cell uptaking, we treated Hela cells with multi-layer coated gold nanorods. The result
of 4 layer coated nanorods with ending layer PDDAC is shown in Fig.5.6 (e). From
the image result, a higher particle concentration internalized by Hela cells has been
found, which may suggest polymer coated gold nanorods are easier to go through the
cell membrane compared to CTAB capped ones. In contrast to intensity image,
Fig.5.6 (d), which cannot clearly distinguish between luminescences from gold
particles and GFP, FLIM provides a sensitive and convenient method for monitoring

cell uptake process, with a potential for in vitro live cell monitoring.
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Fig.5.6 FLIM images of GFP-stained Hela cells incubated with CTAB capped gold
nanorods for (a) 30 minutes, (b) 45 minutes, and (c) 1 hour; (d) intensity image of 1

hour sample; (e) incubated with multi-layer coated gold nanorods for 1 hour.

To study the interaction between gold particles and GFP labelled endosomes and in
turn to confirm the endosome traffic pathway, a further analysis on FLIM results is
essential. By examining the longer component, which is supposed to be the
contribution from GFP at the overlapping areas, we can determine if there was
energy transfer effect between GFP and gold nanoparticles when they were closer to
each other. Short lifetimes of GFP (even down to around 1ns) do exist where gold
nanorods were present, but as shown in Fig.5.5 (f), lifetime distribution of GFP in
FLIM experiments ranges from 1.5ns to 2.5ns. To clarify whether the short lifetime
is due to normal lifetime distribution or other mechanism, we used a statistical
approach to compare the lifetime change. As shown in Fig.5.7, the longer component
(lifetime of GFP) subtracted from 58 overlapping pixels in different FLIM images
have been sorted in 100 ps interval from 1100 ps to 2400 ps. Compared to a
symmetric lifetime distribution of GFP in Fig.5.5 (f), lifetime values of GFP in the
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vicinity of gold nanorods form an asymmetric distribution, with a higher rate of
shorter lifetime than the longer one and a long tail reaching 1.1ns , which suggests
energy transfer process does exist between GFP and gold nanorods. Energy transfer
only occurs when donor and acceptor fluorophores are in a near vicinity (within 8nm
for F&ster resonance energy transfer and double the distance for surface energy
transfer), which indicates that gold nanorods are in a quite small separation with GFP,
or GFP labelled earlyendosomes. This result can be an indirect proof showing that
the cell uptake pathway of gold nanorods is probably through an endocytotic process.
Furthermore, FLIM in combination with FRET can be a sensitive, high resolution
and convenient way to study the cell uptake and intra cellular tracking of
nanoparticles combining with fluorescent protein labeling techniques.
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Fig.5.7 Lifetime distribution of GFP in overlapping areas.
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5.4 Conclusion

In this chapter, we first investigated the influence of excitation conditions on the
energy transfer process in fluorophores-gold nanoparticle hybrid systems. When
mixing Fluor 405 dye with gold nanorods, an enhanced energy transfer has been
detected under two-photon excitation, where the incidence excitation frequency
resonates with the longitudinal surface plasmon band of gold nanorods and enhances
the non-radiative energy transfer rate from donor to acceptor particles. Then the
FLIM-FRET method has been used to study the intracellular pathways of gold
nanorods. By staining the earlyendosomes of Hela cells with GFP, and monitoring
the lifetime change of the fluorescent protein using FLIM, we have indirectly
confirmed that the uptake of gold nanorods into cells is through an endocytic process.
Moreover FLIM-FRET combined with gold nanoparticles can be a highly sensitive

technique for in vivo and in vitro biological research.
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Chapter 6

Effect of Size, Shape and Surface Modification on
Cytotoxicity of Gold Nanoparticles to Human HEp-2

and Canine MDCK Cells

6.1 Introduction

Gold nanoparticles have been demonstrated to have extraordinary potential in bio-
medical applications including biological imaging and sensing, drug and gene
delivery, and thermal therapy.[1-11] Compared to gold nanospheres (GNSs), gold
nanorods (GNRs) hold greater potential, especially in biological imaging and sensing
due to their unique optical properties.[12-14] Cytotoxicity of gold nanoparticles, as
the premise of any further biological study, is a key issue to be investigated. There
have been intensive studies from different point of views focusing on the cytotoxicity
of gold nanoparticles, which are complex and still under debating. Compared to
GNSs, GNRs have been found to be toxic to cell culture, but almost non-toxic after
coated with polymer molecules.[10, 15-27] This is because the cytotoxicity depends
on the particle size, shape, surface charge and modification, agglomeration, as well
as the mechanisms of cellular uptake and toxicity response.[28-30] Despite
difference in particle shape, one primary concern about GNRSs in biological research
is cetyltrimethylammonium bromide (CTAB), the surfactant which is essential for
nanorod growth in popularly used seed-growth GNRs synthesis method, but toxic to
cell lines.[26, 31-33] CTAB is important in controlling the particle size and shape to
achieve designed localized surface plasmon resonance bands for spectroscopic and
microscopic applications in biological research.[34-36] As removal of CTAB will
cause instability of GNRs, polymers, such as poly(acrylic acid) (PAA), and
poly(diallyldimethylammonium chloride)-poly(4-styrenesulfonic acid) (PDADMAC-

107



PSS), and poly(ethyleneglycol) (PEG) et al, have been introduced to functionalize
the GNRs surface.[31, 32, 37, 38]

Optical properties of gold nanoparticles critically depend on their size, shape and
surface conditions. On the other hand, incubation time and particle concentration are
key parameters in controlling the internalization process of nanoparticles into cells,
as well as cell normal functions. This chapter presents a systematic investigation on
the cytotoxicity of gold nanoparticles. GNRs synthesized via the same procedure but
with 4 different aspect ratios, GNSs and polymer (polystryrenesulfonate (PSS) and
poly (allylamine) hydrochloride (PAH)) coated GNRs have been applied to two cell
lines with different exposure time and particle dosages. GNRs of aspect ratio of 3 are
approximately 40nm long, which had excellent potential in biological imaging and
sensing applications.[39-41] PSS and PAH have been used in multilayer membrane
for long-term graft transplantation.[42] The layer-by-layer polyelectrolyte coating
using PSS/PAH not only changes the surface condition of gold particles inducing
changes in particle optical properties, but also plays important roles in
functionalizing new types of bioimaging tools, such as SPASER (surface plasmon
amplification by stimulated emission of radiation), a surface plasmon based
nanolaser providing localized intensive excitation.[43-45] The dosage levels and
incubation time selected for 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide MTT assay analysis was based on the previous imaging study.[39, 41] In
addition to reveal the intrinsic cytotoxicity of gold nanoparticles, this study also
provide insights on managing the cytotoxicity of gold nanoparticles in further

biological research.
In this chapter, the cytotoxicity of gold nanoparticles will be studied by MTT and

microscopy methods, effects from particle size, shape, surfactants, incubation time

and dosage as well as the toxicity mechanism will all be examined.
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6.2 Experimental Methods

GNRs were synthesized by the seeded growth method [46] and GNSs were prepared
by Turkevich method. [47] Further coating on GNRs was proceeded via electrostatic
layer-by-layer growth using PSS and PAH. Single layer of PSS and double layers of
PSS/PAH coating were carried out following a process described by Omura et al.
(denoted as PSS-GNRs and PAH-PSS-GNRs).[45] As the surface plasmon band of
GNRs critically depends on the environmental refractive index, polymer coating onto
particle surface will cause a significant change in absorption spectrum peak position,
as shown in Fig.6.1 (a). All particles were centrifuged to remove the excess
CTABI/polymers and re-dispersed in deionised water with a final concentration
around 10°M.

MDCK (ATCC CCL-34 ™) and HEp-2 (ATCC CCL-23) cell-lines were obtained
from American Type Culture Collection. Cell culture medium was high-glucose (4.5
g/l) DMEM containing foetal calf serum (10%), L-glutamine (2.9mg/mL), antibiotic-
antimycotic solution (GIBCO). Cells were routinely cultured at 37°C under 5% CO..

MTT assay was carried out in the following procedure. Briefly, both MDCK and
HEp-2 cells were seeded at 1 x 10* cells per well in 96-well plates. After 24 hrs of
incubation (37°C, 5% CO,), a series of concentrations of GNRs (in water) was added
in each well. The cells were further incubated to appropriate time intervals. At
appropriate time intervals, 20 upl of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, 4 mg/ml in PBS) was added to each well and incubated
for up to 4 hrs at 37°C, 5% CO,. After careful removal of the media, 150 ul of
DMSO was added into each well to solubilise the purple crystals. After being
incubated at 37°C for 10 min, optical density at 540nm (ODs4onm) Was measured with
a plate reader (LabSystems Genesis). The MTT will mark only live cells and give
absorption at 540nm, therefore, value of OD540,, can be seen as a degree of cell

survival after have been treated with toxic substance, or the “cell viability”.

For fluorescent microscopic observation of apoptosis, cells were seeded onto cover
slides at 1 x 10° cells per slide in 24-well plates and cultured for 24 h at 37°C under 5%
CO,. After exposure to GNRs for 5 hrs, the spent medium was discarded and cells

were incubated for 1 hr in fresh media containing sulforhodaminyl-L-
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valylalanylaspartyl ~ fluoromethyl  ketone (SR-VA-DFMK) according to
manufacturer’s instructions (Immunochemistry Technologies). Cells were washed
with PBS, and fixed with 3.7% paraformaldehyde (in PBS) for 10 min at 37<C. The
coverslips were mounted onto microscope slides with Prolong Gold antifade reagent
containing 4’,6’-diamidino-2-phenylindole (DAPI)  (Invitrogen). Images were

captured using a confocal microscope LSM 510 (Carl Zeiss).
6.3 Results and Discussion

6.3.1 Characterization of gold nanoparticles

Fig. 6.1(a) displays absorption spectra taken from GNRs, PSS-GNRs and PAH-PSS-
GNRs. Absorption of three GNRs of different aspect ratios, 3(GNRs-1), 4.5(GNRs-2)
and 5(GNRs-3), are shown in Fig.6.1(b), where a typical SEM image of GNR-1 is
displayed in Fig.6.1(c). Fig.6.2 shows the MTT assay results on HEp-2 cells
incubated for 1 hr with different types of gold nanoparticles. The dosage is calculated
as the volume percentage of cell medium, for gold particles, concentration of 1% is
approximately 10**M. Contribution in absorption from gold nanoparticles in MTT
assay has been subtracted taking account the absorption coefficient of different gold

nanoparticles at 540nm and number of nanoparticles in cell culture.
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Fig.6.1. (a) Absorption spectrum of GNRs and polymer coated GNRs; (b)
Absorption spectrum of GNR-1 (black), GNR-2 (red), and GNR-3 (blue); (c)

Scanning electron microscopic image of GNR-1.
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6.3.2 Cytotoxicity of different gold nanoparticles

Based on results displayed in Fig.6.2, cytotoxicity of different samples can be
compared, where higher value of cell viability indicates higher number of cell
survival, or lower cytotoxicity. GNRs have shown much higher toxicity compared to
GNSs. The (Citrate stabilized) GNSs showed no significant cytotoxicity under all
dosage levels used, while for CTAB capped GNRs, high cytotoxicity was found
especially at large dosages. It cannot be simply explained as shape effect, as GNSs
and GNRs have different surfactants and surface charge states. To elucidate the
effects from capped CTAB, polymer coated GNRs have been compared with CTAB
capped GNRs. Fig.6.2 shows that both PSS-GNRs and PAH-PSS-GNRs are less

toxic than GNRs, which becomes more apparent at higher dosages.
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Fig.6.2. Cytotoxicity of different types of gold particles and free CTAB based on

MTT assay outlined above.
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6.3.3 Effect of CTAB
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Fig.6.3 Time lapse cytotoxicity of GNRs (a) and free CTAB (b) to HEp-2, 1h, 3h, 5h
and 7h indicate different incubation times and 1 fold of 8x10°M CTAB is
comparable to the 1% concentration in the form of volume concentration in Fig.6.2.
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Experiments and data processing in section 6.3.3, 6.3.5 and sample preparation in
section 6.3.6 were performed by our collaborators, Ms Dan Xu and Dr. Jun Yu. The
above observation is in line with the previous finding that CTAB is the major reason
for cytotoxicity.[31, 32] Nevertheless, the cause of the cytotoxicity, either the free
CTAB in solution or surfactant ones, is still debatable. To bring insights into this
issue, toxicity of free CTAB to Hep2 was examined. Fig.6.2 shows that free CTAB
solution is less toxic than CTAB capped GNRs. We thus propose that the toxicity of
GNRs is mainly related to the surface CTAB on GNRs rather than free form in the
solution based on three facts. Firstly, as polymer-coated GNRs were centrifuged
under the same condition as GNRs, concentration of free CTAB in the solution can
be considered at a similar level. Therefore the different cytotoxic properties should
be originated from different surface conditions. Secondly, 1mM of CTAB used here
is 1% of the concentration used for GNRs synthesis and considered to be the upper
limit of remaining CTAB in GNRs solution after centrifuge. This is because GNRs
solution was diluted roughly 10 times after each centrifugation and concentration of
free CTAB is below 1/100 of the original concentration after two times of
centrifugations. Fig.6.2 shows that 1ImM CTAB has only moderate cytotoxicity,
much lower than GNRs, implying that toxicity of GNRs is not mainly due to free
CTAB. This result is consistent with that of the time-lapse toxicity shown in Fig.6.3
(b), as cell survival of samples treated with 1mM CTAB solution from 1% to 10% of
medium volume (actual concentration 1x10 M to 1x10“M) decreased from more
than 90% to around 60%. At last, time-lapse toxicity study reveals different cytotoxic
behaviour between GRNs and free CTAB. Fig.6.3(a) shows that cell survival value
reaches a stable number in the first hour, and further incubation only results in slight
reduction in cell survival up to 9 hrs. While by incubating a series of concentrations
of free CTAB solution to the cells for 1, 3, 5 and 7 hours, a dependence on both
concentration and incubation time was observed in Fig.6.3(b).

6.3.4 Effect of particle surfactants
Additional polymer coating of GNRs not only prevents direct interaction of CTAB

with cell membrane, but also modifies the surface charge state. Previous work
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suggests that cationic gold particles are moderately toxic, whereas anionic ones are
relatively non-toxic.[25, 48] This phenomenon can be explained as the cell
membrane is negatively charged in which case cationic particles are prone to adsorb.
Furthermore, it has also been reported that cationic particles are more likely follow a
direct diffusion pathway while anionic GNPs are internalized by endocytosis.[25, 49]
In this work, negatively charged PSS-GNRs perform less toxic on all dosages, and no
significant difference was observed between PSS-GNRs and positively charged
PAH-PSS-GNRs. Considering both PAH-PSS-GNRs and GNRs have positive
surface charge, the discrepancy in cytotoxicity between CTAB capped and polymer
coated GNRs should be related to the surface CTAB on GNRs. With GNRs sizing
around 50nm, surface modification and interaction with membrane functional parts

may play a more important role than surface charge property.

6.3.5 Effect of particle shape

To study the influence of size and shape on the cytotoxicity, GNRs of different
aspect ratios were examined. It is found that all three types of GNRs exhibited
cytotoxicity to both MDCK and HEp-2 cells in a dose-dependent manner as shown in
Fig.6.4(a) and (b), but no significant difference were found between GNRs. The
viability of the cells decreased as the concentrations of GNRs increased. However,
the two cell-lines had significant difference in susceptibility to GNR-1 and GNR-2 at
2-fold of 10" M (Student T-test, p < 0.1 in both cases): viability of HEp-2 cells
dropped below 60% whereas MDCK cells remained above 90% in both cases. Based
on gold particle concentration and cell counts, we estimated that at 10> M GNRs
concentration, the particle cell ratio is approximately 300 GNRs per cell, which
reduced cell viability by ~20% in all cases and may be used as an upper limit

reference for cellular research.
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Fig.6.4 MTT assay for HEp-2 (a) and MDCK (b) cells.
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6.3.6 Apoptosis study

Generally, there are two mechanisms accounting for cytotoxicity: necrosis and
apoptosis although there are overlapping properties towards late stages of the events
[50]. Necrosis is usually caused by extreme adverse factors such as fast-acting
poisons and strong physical or chemical stress to large sections of tissues, while
apoptosis is a programmed cell death mechanism, or to say a ‘suicide’ death form.
Apoptosis is triggered to eliminate excess, improper or cells with genetic damage,
and is mediated by a group of proteins called caspases, which become activated
when cells receive ‘danger’ signals, and in turn they collectively responsible for
initiation and execution of the process.[51, 52] To detect apoptosis, cells were
stained with SR-VAD-FMK, which detect all activated caspases. The activation of
caspases can be quantitatively correlated with the intensity of the fluorescence. All
three types of GNRs were confirmed to induce the activation of caspases in both cell
lines with different capacity as is shown in Fig.6.5. In general, the accumulation of
activated caspases depends on the dosage of GNRs, which is in accordance with the
MTT assay. Even at low dosage, activated caspases were detected in HEp-2 cells.
The signal intensity increased with the rising dosage, and in the cases of treatment
with high dose (10 fold of 102 M), all cells were all stained strongly and many cells
were detached at this stage. All these results suggest GNRs have triggered apoptotic
process. For MDCK cells, figures not shown here, a similar trend has been observed,
while the stain was relatively weaker compared to Hep-2 cells, and did not increase
as drastically as HEp-2 cells when higher concentrations of GNRs applied, which is

in accordance with the MTT assay results.
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Fig.6.5 Confocal microscopy on HEp-2 cells for activated caspases (in red) and
nuclei (in-blue). All images were taken 5 hrs after GNR treatment. A, Negative
control (untreated cells); B, C, and D, respectively, were cells treated with GNR-1 at
the concentration of 1-, 5- and 10-fold of 10> M of stock solution. Similarly, E, F,
and G were cells treated with GNR-2, and H, I, J were cells treated with GNR-3,
respectively, at the concentrations of 1-, 5-, and 10-fold of the 10"** M solutions.
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6.4 Conclusion

In conclusion, GNRs show relative higher cytotoxicity compared to GNSs and
PSS/PAH coated GNRs to HEp-2 cells, which is mainly related to the CATB on
particle surface rather than the free ones in solution. Furthermore, dosage rather than
time scale is more important in GNRs induced cytotoxicity. The majority of cell
death occurs within one hour of incubation via GNRSs induced apoptosis processes.
Change in the aspect ratio up to 5 has little influence on GNRs’ cytotoxicity.
Additional polymer (PSS/PAH) coating can significantly improve cell survival,
which seems not due to the change of surface charge properties but isolation of

CTAB from cell membrane by additional layer(s) of barrier.
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Chapter7

Conclusion and future work

The work presented in this thesis has revealed that when combining with
fluorescence techniques, gold nanoparticles can be excellent candidate in biological

imaging and sensing research.

Gold nanorods can be synthesized by seeded-growth method, thorough which
particle size and shape can be easily controlled by modifying synthesis recipe and
reacting conditions. Changing particle size and shape will lead to tuning of surface
plasmon structure. Spectroscopic study has shown that gold nanorods will provide
strong and stable two-photon luminescence, which is governed by the localized
surface plasmon and sensitive to incidence excitation polarization. And microscopic
study has revealed that gold nanorods can be used as fluorescence probes in cell
culture as their TPL is stronger than many commercial fluorophores. Furthermore,

Study of the imaging of gold nanorods in MDCK cells using fluorescence lifetime
imaging microscopy (FLIM) has proved that FLIM image of gold nanorods can
proved better contrast and sensitivity than intensity imaging. The characteristic
fluorescence lifetime of gold nanorods is found to be less than 100ps, which can be
used to distinguish gold nanorods from other fluorescent labels and endogenous

fluorophores in lifetime imaging.

Work focused on energy transfer between DAPI, a commonly used DNA label, and
gold nanoparticles under two-photon excitation in solution using fluorescence
lifetime imaging microscopy (FLIM) has shown that with comparable size and
concentration, gold nanorods are more efficient than gold nanospheres. We attribute

this transfer enhancement effect to the longitudinal surface plasmon mode of GNRs
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overlapping with the excitation wavelength. Energy transfer under two-photon
excitation between GNRs and DAPI has also been observed in cell culture and found
to be in accord with the solution phase results.

By monitoring interaction between gold nanoparticles and Fluor 405 dye in solution
phase, a two-photon enhanced energy transfer effect has been detected, which may
origin from the modification of nonradiative decay rate due to the resonance of
longitudinal surface plasmon band and incidence light. FLIM-FRET study on cellular
pathway has revealed that the uptake of gold nanorods into Hela cells is probably an

endocytosis process.

It has been found that CTAB encapsulated gold nanorods were relatively higher
cytotoxic than GNRs undergone polymer coating and citrate stabilized gold
nanospheres. The toxicity of CTAB encapsulated GNRs was mainly caused by
CTAB on GNRs’ surface but not free CATB in the solution. No obvious difference
was found among GNRs of different aspect ratios. Time-lapse study revealed that
cell death caused by GNRs occurred predominately within one hour through
apoptosis, whereas cell death by free CTAB was in a time and dose-dependent
manner. Both positively and negatively surface charged polymer coated GNRs (PSS-
GNRs and PAH-PSS-GNRs) showed similar levels of cytotoxic, suggesting the
significance of surface functionality rather than surface charge in this case. The

mechanism of cytotoxicity is found to be an apoptosis process.

In the future, at first, an enhanced energy transfer effect between gold nanoparticles
and fluorophores has been detected in a qualitative way, but a further quantitative
study would provide a thorough understanding into this new type of transfer effect
model. This research can be carried out through multi-layer polymer coating
experiments. By coating the gold particles layer by layer and link fluorophores to the
polymer surface, the separation between ‘donors’ and ‘acceptors’ can be accurately

controlled, which will make it possible to calculate the energy transfer rate at varying
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distances and leading to a quantitative description of the transfer model relating to

gold nanoparticles.

Gold nanoparticles can be applied to a new type of physical tool: the ‘Spaser”, which
is short for surface plasmon amplification by stimulated emission of radiation. The
spaser effect was pointed out by Dr. Stockman and Bergman, it is analogous to the
conventional laser for three important reasons: first, surface plasmons are bosons
which have spin 1 just as photons do; second, surface plasmons are electrically
neutral excitations; third, surface plasmons are the most collective material
oscillations known in nature. The most unique advantage of spaser compared to
traditional optical sources is that it can generate dark modes, which means that a
spaser will create highly intensive, localized field without any background radiation
and radiative losses. If realized, a spaser can be applied to a variety of research fields
ranging from sensing and biomedicine to imaging and information technology. The
spaser system was first realized based on a silica-gold nanoparticle core shell
structure in 2009, a spaser mode centring at 531nm was found. If gold nanorods
based spaser system could be achieved, it would make the localized excitation source
more powerful: as the surface plasmon band of gold nanorods can be tuned in a
broad bandwidth, which means that the spaser mode and peaking position can be

varied as well.
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