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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES
Physics

Doctor of Philosophy

IMAGING OF PLASMONIC NANOPARTICLES FOR BIOMEDICAL
APPLICATIONS

by Natasha Fairbairn

Plasmonic nanoparticles show potential for numerous different biomedical applications,
including diagnostic applications such as targeted labelling and therapeutic applications
such as drug delivery and therapeutic hyperthermia. In order to support the develop-
ment of these applications, imaging techniques are required for imaging and character-

ising nanoparticles both in isolation and in the cellular environment.

The work presented in this thesis relates to the use and development of two different
optical techniques for imaging and measuring the localised surface plasmon resonance
of plasmonic nanoparticles, both for isolated particles and for particles in a cellular

environment.

The two techniques that have been used in this project are hyperspectral darkfield

microscopy and spatial modulation microscopy.

Hyperspectral darkfield microscopy is a darkfield technique in which a supercontinuum
light source and an acousto-optic tuneable filter are used to collect darkfield images which
include spectral information. This technique has been used to measure the spectra of
single nanoparticles of different shapes and sizes, and nanoparticle clusters. The results
of some of these measurements have also been correlated with finite element method

simulations and transmission electron microscope images.

The hyperspectral darkfield technique has also been used to image cells that have been
incubated with nanoparticles, demonstrating that this technique may also be used to

measure the spectra of nanoparticle clusters on a cellular background.


mailto:nf405@soton.ac.uk

Spatial modulation microscopy is based on fast modulation of the position of a nanopar-
ticle in the focus of an optical beam. This modulation results in a variation in transmit-
ted intensity, which can be detected with very high sensitivity using a lock-in amplifier.
Since, for biological imaging applications it is desirable to be able to image, for example
whole cells in real time, a fast scanning version of this technique has been implemented,

which increases the applicability of the technique to imaging of nanoparticles in cells.
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Glossary

Cell Culture
Cell line

DC 2.4

Dendritic cell

Endocytosis

Endosome

Enzyme

Fibroblast

L929
Mowiol

Neuroblast

Paraformaldehyde

PBS

Peptide

SHSY-5Y

of Biological Terms

Cells grown under controlled conditions outside of their nat-
ural environment.

A cell culture developed from a single cell and therefore con-
sisting of cells with a uniform genetic makeup.

A dendritic cell line.

A type of white blood cell that forms part of the immune
response in mammals.

A process by which a cell may uptake material.

A bubble that forms around material uptaken by a cell by
endocytosis.

A biological catalyst.

A connective tissue cell responsible for synthesising collagen
and the extracellular matrix.

A fibroblast cell line.
A cell mounting medium.

A type of brain cell. A precursor of neurons in embryonic
development.

A chemical used to preserve biological samples.

Phosphate buffered saline, a buffer solution which maintains
a constant pH.

A short chain of amino acids.

A neuroblast cell line.






Chapter 1

Introduction

1.1 Overview

Metal nanoparticles, and in particular gold nanoparticles, have held much interest in
recent years for exploitation in a range of biological applications [1; 2; 3]. For example
nanoparticles are being found to be useful in diagnosis applications involving imaging
and sensing techniques [4; 5], and in therapeutic applications such as therapeutic hy-
perthermia for treating cancer [6]. From a chemistry perspective, gold nanoparticles are
of particular interest in due to their chemical stability, biocompatibility, and the large
amount of chemical functionalisations available. Gold nanoparticles can be function-
alised with biological molecules via thiols, which allows for drug delivery applications
and targeted labelling [7; 8]. Gold is an unreactive metal so toxicity of gold nanopar-
ticles is expected to be low, particularly in comparison to, for example quantum dots
[9]. However, the toxicity of gold nanoparticles is not yet fully known, and more re-
search needs to be done in this area to assess the possible risks associated with using
gold nanoparticles in the human body [10; 11]. Another reason that metal nanoparticles
have so much potential for these applications is due to the interesting optical properties
which they exhibit.

Metal nanoparticles absorb and/or scatter light strongly at a particular wavelength
due to a resonance known as the localized surface plasmon resonance or LSPR. The
wavelength at which the LSPR occurs depends on the size and shape of the nanoparticle
as well as on its dielectric properties and on the surrounding environment. Controlling
the morphology of the nanoparticle therefore allows control over the LSPR wavelength.
This tuneability means that nanoparticles can be created to have a resonance within
the ‘biological near-IR window’; the part of the spectrum where light is not absorbed

by biological tissue.

The focus of this project is on biomedical imaging involving plasmonic nanoparticles,

and in particular gold nanoparticles. Current common methods used for imaging of

3
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colliodal gold nanoparticles in cells are fluorescence imaging and transmission electron
microscopy. However, each of these methods has its disadvantages. The disadvantage
of fluorescence based microscopy techniques is that the typical dye-molecules used as
labels undergo photobleaching. On the other hand, transmission electron microscopy
(TEM) requires lengthy sample preparation since the samples must be in the form of
thin slices. For this reason, TEM is difficult to perform on live cell samples [12]. In
section 1.4 several other alternative techniques for imaging plasmonic nanoparticles will

be discussed.

Two alternative optical microscopy methods, which use the LSPR signal and are capable
of detecting single gold nanoparticles, have been used in this project. These imaging
methods have been further developed for use in biological applications over the course

of the project.

The reason for the interest in developing systems for nanoparticle imaging and charac-
terisation, and in particular for imaging the interactions of nanoparticles with biological

cells is explained in more detail in the following section.

1.2 Applications of Nanoparticles

Nanoparticles have wide ranging applications in a variety of areas, due to their phys-
ical properties. One example of an application that exploits the optical properties of
nanoparticles includes sunscreen, in which titanium dioxide or zinc oxide nanoparticles
are used in order to protect the skin from harmful UV rays, whilst being transparent to
visible wavelengths [14]. An example of a potential application of plasmonic nanopar-
ticles is in solar cells in which scattering of light from nanoparticles could increase the
effective path length of the light in thin film solar cells, thereby increasing absorption of
light in these solar cells [15; 16].

Nanoparticles also have useful catalytic properties due to their high surface area to
volume ratio and therefore an important chemical application of metal nanoparticles is

as catalysts [17].

Below several of the emerging applications of nanoparticles in healthcare and diagnostics

will be discussed.

1.2.1 Biomedical Applications of Nanoparticles

The work in this project has been undertaken with an emphasis on biomedical appli-
cations of nanoparticles and in particular the focus has been on developing imaging
techniques which could be used to understand more about the interactions between

nanoparticles and cells. The reason for choosing to focus on imaging of nanoparticles
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for biomedical applications is due to the numerous biomedical applications in which
nanoparticles are already used. The development of such applications may be aided
by improvements in the imaging systems used to study them. Some examples of the
potential applications of nanoparticles in biology and medicine will be briefly explained

below in order to put the work undertaken here into a broader context.

Whilst nanoparticles used in biological applications include polymer nanoparticles [18],
quantum dots [19], magnetic particles [20; 21] and metallic nanoparticles, metallic nanopar-
ticles, and in particular gold nanoparticles are of particular interest for this project so

applications for which gold nanoparticles are particularly suited are set out below.
Drug Delivery

A potential area in which nanoparticles may be of interest is in targeted drug delivery
applications. It is desirable to achieve targeted drug delivery in many instances as this
can enable a lower total dose of a drug to be administered as the drug can be sent
directly to the targeted area of the body, rather than being spread throughout the body.
An example of the requirement for targeted drug delivery can be seen in cancer therapy
[22], where currently, a patient undergoing chemotherapy needs to be given a high dose
of chemotherapy drugs which have strong negative side effects and are often carcinogenic
themselves. If a more targeted drug delivery system is used it would be possible to send
the chemotherapy drugs directly to the cancer site, rather than dosing the whole body,

which should result in a decrease in side effects experienced by patients.

Drugs can be carried by nanoparticles either by attaching them to the surface of the
nanoparticle (known as functionalisation) or by encapsulating the drugs inside a hollow
nanoparticle [23]. In addition, other biological molecules can be attached to the surface
of the nanoparticle which are designed to attach to specific receptors within the body
for targeting. This functionalisation also enables the use of nanoparticles as targeted
labelling agents. In one study [24], for example, anti-epidermal growth factor recep-
tor (anti-EGFR) monoclonal antibodies were attached to the surface of gold nanorods.
Malignant epithelial cells have many more epidermal growth factor receptors on their
surface than non malignant epithilial cells. Therefore when malignant and non malignant
varieties of these cells were incubated with the functionalised nanorods, the nanorods
had a much higher affinity to bind to the malignant cells. The type of molecules used
to coat the nanoparticles can also allow control over whether the nanoparticle attaches

to receptors on the outside of a cell membrane or is taken up by the cell.

Another property of nanoparticles which is useful for drug delivery is their potential
to cross the blood-brain barrier. The capiliaries in the brain have particularly tight
junctions, in order to separate the blood and the brain extracellular fluid, that do not
exist in other parts of the circulatory system. Therefore, delivering drugs to the brain
is especially challenging. Nanoparticles have the potential to carry out multiple specific

functions in a pre-determined sequence, which may be useful for crossing the blood brain
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barrier. For example, funtionalised nanoparticles can be designed to be taken up by cells
which are able to cross the blood brain barrier, releasing the drugs they are carrying

when they reach the required area of the brain [25; 26].
Therapeutic Hyperthermia

Metal nanoparticles may also be used for therapeutic hyperthermia, also known as pho-
tothermal therapy [27]. The process behind photothermal therapy can be explained as
follows. Metal nanoparticles are first attached to, or uptaken by the cells of interest,
through previously discussed methods. The cells are then illuminated with laser light at
the LSPR wavelength of the nanoparticles. The nanoparticles absorb light at the LSPR,
which is converted to heat in the cell. This heating effect can be used to selectively
destroy cells that have nanoparticle inside them or attached to them. Photothermal
therapy is useful as a cancer therapy as it has been found that a lower laser power is
required to kill cancer cells than normal cells, since cancer cells are more sensitive to
changes in temperature [24]. Therefore, the laser power used can be chosen such that
cancer cells exposed to that laser power will die whilst any normal cells that are also

exposed will be able to recover.
Surface Enhanced Raman Spectroscopy Sensing

Another application of gold nanoparticles, which is often used for biological measure-
ments, is surface enhanced Raman spectroscopy or SERS. Raman scattering is the pro-
cess of inelastic scattering of light from a vibrational mode of a molecule. It has been
found that the Raman scattered intensity is enhanced when the molecule of interest is
situated in an area of intense electric field (known as hot spots) produced by plasmonic
structures which are used as SERS substrates [28] [29].

The main application for SERS in biology is for detecting the presence of particular
molecules using their vibrational spectrum as a molecular ’fingerprint’. This technique
is useful for detecting molecules which may be indicators of a disease or condition, but

may be present in low concentrations in a sample [30].
Diagnostic Tests

A further biomedical application in which plasmonic nanoparticles are used is the area
of diagnostic testing. An example of this application is the plasmonic enzyme-linked
immunoabsorbant assay (plasmonic ELISA). ELISA is a test for detecting biomarkers
which works as follows. First the biomarker in question is deposited on a surface, which
it adheres to due to charge interactions. Secondly, an unreactive protein is added to
block any areas of the surface not covered by the biomarker. Thirdly, an antibody is
added which has been specifically tailored to bind to the biomarker, but not to the
unreactive proteins bound to the surface. Fourthly, a second antibody is added, which
binds to the first antibody at one end and has an enzyme attached at the other end.

Finally, a compound (the enzyme substrate) is added that will react with the enzyme
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resulting in a colour change. The surface is washed in between each step to ensure that
any molecules that are not chemically bound are washed away. Therefore the colour
change gives an indication of the amount of the second antibody that has bound to the
first antibody, that has bound to the respective antigen on the biomarker on the surface.
That is, the test gives an indirect indication of the concentration of the biomarker on
the substrate. [31]

Plasmonic ELISA uses the optical properties of plasmonic nanoparticles to increase the
sensitivity of this test. In the plasmonic version, the reaction between the enzyme and the
enzyme substrate takes place in a solution that includes precursor materials for forming
gold nanoparticles and plays a role in the growth mechanism of gold nanoparticles in the
solution, which decreases the availability of gold ions in the solution causing slow, uneven
growth and producing aggregated particles. When the enzyme and the enzyme substrate
are not present, the particles grow quickly and thus are spherical and separated. The
optical properties of the aggregated particles cause the solution to look blue, indicating
that the biomarker of interest is present, and the spherical particles cause the solution
to look red, indicating a negative result. The colour of the solution (either blue or red)
is easily seen by the naked eye. Plasmonic ELISA has been used to test for HIV and

prostate cancer [32].
The Near-IR Window

For many biological applications that exploit the LSPR effect, there is a preference for
using nanoparticles which have a resonance between 600 and 1400 nm wavelength. This
preference is due to the fact that in this part of the visible - infrared spectrum, less
light is absorbed by human tissue than at other wavelengths. Further into the infrared
(above 1400 nm) there is strong absorption by water which is present in human tissue.
At the visible/UV end of the spectrum, light is absorbed by the skin pigment melanin
and by haemoglobin, which is responsible for the red colour of blood as it absorbs in
the green/blue part of the spectrum. Using modern colloidal synthesis methods, it is
possible to tune the sizes and shapes of nanoparticles such that their LSPR’s fall in this
window [33].

1.3 Theoretical Background

Many of the applications of metal nanoparticles in imaging, sensing and therapy de-
scribed above rely on the localised surface plasmon resonance (LSPR) effect. This effect
results in an enhancement of the absorption and scattering of light at a particular wave-
length, depending on the dielectric properties of the nanoparticle and its surrounding
environment. A brief introduction to the theory of localised surface plasmon resonance

is presented below.
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The ‘sea’ of electrons in a metal can be thought of as a plasma or free electron gas. When
an external electric field is incident on a metal, it exerts a force on the free electrons

and they are displaced from their usual positions in the metal lattice.

The Drude model can be used to describe the behaviour of the free electrons. The
Drude model assumes that the free electrons do not interact with ions in the lattice over
long ranges. The reason these long range interactions can be ignored is because the free
electrons screen the charge of the ions over long ranges. The The only interactions taken
into account in this model are collisions of the free electrons, which can be with ions in
the lattice or with other free electrons. These collisions have the effect of damping the
movement of the electrons. The equation of motion describing the motion of the a free

electron in a metal under an externally applied field E is given by

Med + Me YL = — ¢ F, (1.1)

where m, is the mass of the free electron, x is the displacement of the electron, ¢ is
the charge of an electron and E is an external electric field. The relaxation time 7 of
the electron, given by equation 1.2 depends on the damping factor v which is due to

collisions of the free electron with the metal lattice

— (1.2)

Equation 1.1 describes a free electron in the metal. In order to describe a bound electron,
an extra linear term must be added to the left side of equation 1.1 with the form mwo?z
this extra term is required in order to describe interband transitions - that is the process
of an electron falling from the conduction band to the valence band and emitting light.
However, for the purpose of describing plasmons it is sufficient to take into account just

the free electrons.
iwt

For an oscillating electric field F = Fpe ™" a solution of the equation of motion 1.1 is

x = zoe ! with the amplitude =g given by

de

——FF Ey. 1.3
Me(W? + iyw) (13)

ro —
The above model describes the response of a single electron in a metal which is displaced
by an external electric field. The displacement of multiple electrons in a metal gives rise
to a macroscopic polarisation P = —ng.x where n is the number density of electrons, g,

is the charge of an electron and z is the displacement of the electrons. In this case, P is

therefore given by
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2
nge

P=- E. (1.4)

me(w? + iyw)
In order to find the dielectric function of the free electron gas, it is useful to write
equation 1.4 in terms of the electric displacement D (which describes how the charges
in a material react to an externally applied field) since D = ¢gE + P and D = €pe, B

where ¢ is the permittivity of free space and ¢, is the dielectric function of the material

2
nge

D =¢y(1— )E. (1.5)

eome(w? + iyw)

Here, one can define the plasma frequency of the free electron gas as

2
w2 = e (1.6)
p €0Me

Combining equations 1.5 and 1.6 gives the dielectric function of the free electron gas,

which is therefore

w2

=1- 52—, 1.7

“w w? + iyw (17)

The equations above describe the plasmonic behaviour of the free electrons in a bulk
metal using the Drude model [34]. In this model, when w ~ w, light is reflected from
the metal surface, since the electrons follow the electric field. When w < w;, absorption
by the metal increases. When w > w, then the Drude model no longer gives a good

description of the behavior of metals as interband transitions become important.

At the surface of a metal, the electron oscillation can couple to an incident photon which
is known as a surface plasmon polariton (SPP). The SPP behaves differently to the bulk
free electron gas case in that the plasmons propagate along the surface of the metal
and decay rapidly below the surface, since the electric field decays evanescently as it

penetrates below the surface of the metal.

Metal nanoparticles that are much smaller than the wavelength of light do not experience
a spatially varying electric field over their volume, so much as a time-varying electric field
which is constant over the whole particle. They also have a high surface area to volume
ratio. These two differences, in comparison to the case of a bulk metal of infinite size
with no surface, give rise to a localized surface plasmon resonance or LSPR, which has
the effect of polarising the nanoparticle. Differently shaped nanoparticles can support
different plasmon modes. For example, gold nanorods can support two plasmon modes,
since they can be polarised in two different directions (along the long and short axis of
the rod) (see figure 1.1).
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I Electron motion
+ 1

Figure 1.1: Localized surface plasmon resonance

Direction of propagation of light

For spherical metallic nanoparticles which are very small compared to the wavelength of
light (about 10 nm diameter or less for visible light), the polarisability of the nanopar-

ticle, «, is given by

3 €(w) —eq

=4
@ = ama e(w) + 2¢4’

(1.8)

where a is the radius of the nanoparticle, e(w) is the dielectric function of the metal and
€q is the dielectric function of the material surrounding the nanoparticle [35]. It can be
seen from equation 1.8 that the polarisability of the nanoparticle reaches a maximum
when |e(w) +2¢4| is minimised. When the condition that Re[e(w)] = —2¢4 (known as the
Frohlich condition) is met, a localised surface plasmon resonance (LSPR) occurs. The
maximum value of the polarisability is limited by the fact that Im[e] is always non zero

50 |e(w) + 2¢4| never approches zero.

The LSPR effect enhances the optical cross section of the particles, which enables detec-
tion of much smaller particles than would be possible if the particles were, for example
dielectric scatterers, which enables the use of optical microscopy methods including
darkfield and spatial modulation microscopy for detection of nanoparticles in biomedi-
cal imaging systems. These optical imaging systems rely on the strong scattering and
absorption properties of nanoparticles. The scattering and absorption cross sections (Cy

and C,) for nanoparticles are given by

4

Cy = L o (1.9)
67

Co = kImla], (1.10)

where k is the wavevector of the light incident on the nanoparticle and « is the polaris-
ability of the nanoparticle [36]. For spheres it can be seen that absorption scales with
a? and scattering scales with a%. These equations show that absorption dominates for
very small particles but scattering increases rapidly as particles increase in size. Spatial
modulation microscopy detects the signal due to extinction (scattering plus absorption).

Darkfield microscopy, by definition, only detects scattered light. Therefore, it becomes
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more and more difficult to detect smaller and smaller particles using darkfield. Because
of this limitation, in this project darkfield has been mainly used to image small particles

in clusters and single particles larger than 50 nm diameter.

Larger nanoparticles do not see a spatially constant electric field over their volume so
retardation effects become important. However, the quasi-static approach described
above serves as a reasonable approximation for spherical nanoparticles with diameters
up to approximately 100 nm. For larger particles, Mie theory gives a more accurate
electrodynamic method for describing the LSPR. [37]

1.3.1 Introduction to Finite Element Method for Modelling Spectra
of Gold Nanoparticles

In order to theoretically predict the localised surface plasmon resonance spectra of gold
nanoparticles, in this project the finite element method was used. The finite element
method (FEM) is a numerical technique which can be used to find approximate solutions
to a set of partial differential equations that describe a particular system. For modelling
the interactions between light and metallic nanoparticles, the equations used to describe

the system are Maxwell’s equations:

v E="L (1.11)
€0
V-B= (1.12)
. 0B
E=-=2 1.1
V x 5 (1.13)
. oF -
V xB= ,LL()EOE + o d; (1.14)

where E is the electric field intensity, B is the magnetic field intensity €g is the permit-
tivity of free space g is the permeability of free space p is the total charge density and

J is the total current density.

In FEM the problem of solving these equations is simplified by discretising the space
which is being investigated into elements and then solving the equations for each discrete
element. In this project, COMSOL Multiphysics (4.2) software was used to perform the

FEM calculations. Hollow gold particles were modelled as explained in the next section.

1.3.2 Methodology

Firstly, three concentric spherical shells were built. The innermost spherical shell repre-

sented the gold nanoparticle. The outermost shell consisted of perfectly matched layers
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(PML’s) which are designed to absorb light reaching the edges of the model, so that
light does not reflect off the edges. A third sphere was also placed in between the outer
and inner spheres. This third sphere provided a surface over which parameters could
be integrated in order to produce the theoretical spectra. Calculations were performed
using both water and air as the material surrounding the gold nanoparticle, since in
this project the nanoparticles have been used in solution or dried out in air. Comsol
has built in data for the material properties of air and water which were utilised in the

models shown in this project.

In order to include the plasmonic properties of the gold, the dielectric function of gold
must be taken into account. This was achieved by using the data measured by Johnson
and Christy [38], interpolating between the discrete values presented in the paper using a
built in Comsol interpolation function, in order to produce a complete dielectric function

for a range of frequencies as shown in figure 1.2.
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Figure 1.2: Plots of the real and imaginary parts of the dielectric function of
gold using data measured by Johnson and Christy [38] with a linear interpolation
between data points performed using Comsol
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Figure 1.3: Figure showing the geometry of the model and the mesh used. The
PML’s are represented by the outermost shell which has a radius of 250 nm and
a thickness of 30 nm. The second sphere is the integration sphere with a radius
of 180 nm. The radius of the integration sphere was chosen to be small enough
to minimise calculation time whilst being large enough to evaluate scattering in
the far field. The innermost shell represents the hollow gold particle which has
a radius of 55 nm and thickness of 9 nm.
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In order to perform the FEM calculation, the geometry is divided up into discrete
elements, that is a mesh is built as shown in figure 1.3. A free tetrahedral mesh was
used for the most parts of each model with a free triangular mesh coating the inside
surface of the PML’s with a swept mesh to the outer surface of the PML’s. The reason
for choosing a swept mesh for the PML’s was so that the light would have to pass
through several absorbing layers, increasing the absorption efficiency of the PML’s. In
order to check that the mesh was fine enough for the model the basic calculation for
a hollow gold particle in air was performed with the standard mesh size (element size
'normal’ in Comsol 4.2) and with an extremely fine mesh and the results were found to
be in agreement, demonstrating that the standard mesh size chosen for the calculations

shown in this thesis was adequate.
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Figure 1.4: Total power absorbed by a hollow gold nanoparticle in air calculated
using resistive losses and negative power outflow. The power absorbed when no
nanoparticle is present is shown to be negligable.

The nanoparticle was excited with an electromagnetic plane wave travelling in the z
direction and polarised in the y direction and the model was solved for the scattered
field. The absorption cross section can be calculated by computing the resistive losses
due to absorption in the nanoparticle [39]. The resistive losses can be calculated directly

in Comsol.

Another equivalent way to calculate absorption is by integrating the normalised power
outflow through a sphere surrounding the nanoparticle. The total power outflow through
the integration sphere should be zero when no nanoparticle is present since the plane
wave is flowing in and out of the sphere giving a net power outflow of zero. However,
when the nanoparticle is present, some of the incident light is absorbed, giving a negative
power outflow. Therefore the absorbed power is given by negative power outflow which
is equivalent to the absorbed power calculated from the resistive losses as shown in figure

1.4. In order to calculate the negative power outflow with no nanoparticle present, the
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material properties of the nanoparticle were adjusted to be identical to the surrounding

material.
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Figure 1.5: Absolute values of scattered electric field integrated over a spherical
surface with a radius of 180 nm, for a hollow gold nanoparticle in air and water.

Since the hyperspectral darkfield method measures scattered light, in order to compare
modelled spectra to the measured spectra it is better to model the scattering spectra of
the particles rather than absorption. In order to calculate scattering spectra the same
integration sphere was used as for calculating absorption but to calculate scattering,
the value integrated over was the scattered electric field (known in Comsol 4.2a as the
relative electric field). This integration gives real and imaginary parts of the scattered
electric field so the absolute value \/m was used to produce the scattering
spectra. The scattering spectra produced by this method are shown in units of V'm since
the electric field is in units of V/m and the surface area of the integral sphere is in units

of m?

. It is acceptable to use these arbitrary units since the hyperspectral darkfield
system does not quantitatively measure the scattering cross section and therefore it is

the position of the peak that is of interest rather than the height of the peak.

It can be seen from figure 1.5 that a change in the refractive index of the material
surrounding the hollow gold particle causes a significant shift in the LSPR peak. If the
resonance is measured in air or in solution, the LSPR. will be found to be different, with
a redshift of the LSPR peak occuring as the refractive index of the surrounding material
is increased. The nanoparticle is in reality functionalised with molecules and this has not
been taken into account in these simulations. The measurements of the scattering spectra
performed in conjunction with TEM measurements were performed on a carbon coated,
formvar grid, in air. In the models that have been built as direct comparisons with the
spectra measured using the hyperspectral darkfield method, an average refractive index
(1.2) of air (1.0) and formvar (1.4) has been used as an approximation of the refractive

index of the surrounding material.
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Figure 1.6: Scattering spectra of hollow gold nanoparticles with different shell
thicknesses in air.

The thickness of the gold shell of the hollow gold particles can also have an effect on the
spectrum with thicker shells causing a blue shift of the LSPR peak [40].Figure 1.6 shows
models of hollow gold particles of the same size but with different shell thicknesses.
A shift in the LSPR wavelength from 900 nm to 550 nm can be seen when the shell
thickness is changed from 3 nm to 18 nm. A redshift in the LSPR peak is seen as the

shell thickness is decreased.

1.4 Nanoparticle Imaging Systems - Current State of the
Art

Nanoparticles, in general are of a size that falls below the diffraction limit of visible
light, so detecting individual nanoparticles with light poses a challenge, as detection of

nanoparticles with traditional brightfield microscopy is not possible.

However, there are many different methods for imaging nanoparticles which are able
to overcome this problem [41]. In general, these techniques can be divided into near-
field techniques, where the electric field is measured in the immediate vicinity of the
nanoparticle, enabling measurement of the evanescent optical fields, and far-field tech-

niques, which do not require measurements so close to the sample.

1.4.1 Near-field Imaging

An example of a near-field technique is a scanning near-field optical microscope (SNOM)

which measures the evanescent optical fields from the sample by placing an aperture with
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dimensions much smaller than the wavelength of light, nanometers from the surface
of the sample [42]. Evanescent fields of metal nanoparticles are a result of the large
scattering and absorption cross-sections that occur due to the LSPR. However, the
disadvantage of using a near-field technique such as a SNOM is the extremely small
working distance required and the extremely shallow depth of field available. Essentially,
SNOM is therefore limited to studying surfaces. Long scan times can also be an issue

when imaging large sample areas or producing high resolution images.

1.4.2 Imaging Techniques Based on Scattering and Absorption

Many far-field techniques for detection or imaging of metal nanoparticles make use of the
fact that metal nanoparticles absorb and scatter light at the LSPR [43]. An advantage
of using far-field techniques for biomedical imaging applications is that there is no direct

interaction with the sample which may be important for imaging of biological samples.

One such technique that detects the light scattered by the nanoparticle is darkfield
microscopy [44], which is one of the main techniques used for imaging nanoparticles in

this project.

Other scattering based techniques for detecting single nanoparticles include the interfer-
ometric scattering (iScat) technique [45; 46] and differential interference contrast (DIC)

microscopy [47].

Spatial modulation microscopy is a technique which can be used to image nanoparticles

using a signal due to scattered or absorbed light.
Darkfield Microscopy

The principle of a darkfield microscope is that only light which has been scattered by
the sample is sent to the detector and light which has not been scattered is not detected,

as shown in figure 1.7.

direct
illumination
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><
| camera

lens

Figure 1.7: Diagram indicating the light path through a typical darkfield mi-
croscope.
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The resulting image contains bright areas where the sample is strongly scattering and
dark areas for areas on the sample where no scatterers are present. An advantage of
darkfield microscopy is that it allows widefield imaging, meaning that an image can be
collected simultaneously over a large area, as opposed to techniques that require scanning
over many single point measurements, which can be time consuming. The time taken to
record an image is particularly important for live cell imaging applications where real

time imaging is required [48].

The main disadvantage of darkfield microscopy is that it detects only light which has
been scattered from nanoparticles, which scales with the 6th power of the nanoparticle
radius. Therefore the darkfield signal rapidly decreases with decreasing particle size, so
it is difficult to see small nanoparticles in a darkfield microscope. In addition, because
darkfield microscopy detects scattered light, it can be difficult to detect nanoparticles

on a substrate that has impurities or small structures which may also scatter light [41].

Darkfield microscopy can be set up in transmission (as shown in figure 1.7) or in reflec-
tion. In a reflection darkfield microscope, the light reflected from the sample is blocked
by the direct illumination block in the same way that light directly transmitted through
the sample is blocked in the set up shown in figure 1.7.

Interference based detection

In some nanoparticle imaging systems light scattered from the sample may be mixed
with another source of light to provide an amplification of the scattered light, for example

light scattered from a sample may be mixed with light reflected from the sample.

In this situation, the total intensity of light collected by the detector therefore consists
of light which has been reflected from the sample (I,.¢), light which has been scattered
from the sample (I5) and a component which is the interference between the two (I;n).
In I;,; the scattered light from the nanoparticle is effectively amplified by the light
reflected by the sample, since I;,,; o< EyerEg while I, o ]ES\Q which is a smaller term for
weak F.

This effect of amplification of the scattering signal by mixing with another beam is a
form of heterodyne detection [49] and the scattered light may be amplified by either
mixing with light reflected from the sample, (such as in the iScat system [45; 46]) or by

mixing with a reference beam (such as in a Mach-Zehnder interferometer [50]) .
Differential Interference Contrast Microscopy

Another technique which detects light scattered by the nanoparticle is differential inter-
ference contrast microscopy. This technique works by illuminating a sample with two
different light paths which are orthogonally polarised as well as being slightly spatially

offset from each other. After the sample, therefore, two brightfield images are present
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which are polarised orthogonally and slightly offset from each other. The two different

polarisations are then combined using a Nomarski / Wollaston prism.

The Nomarski/ Wollaston prism changes the two images from being orthogonally po-
larised to having the same polarisation. Once the two images have the same polarisation,
they interfere with each other to produce the DIC image. The DIC image shows contrast
between adjacent areas on the sample that have produced phase changes in the light
as the light passing through those points has travelled along different path lengths. A
higher level of contrast is seen when the difference in path lengths between two adjacent
spots is more pronounced due to, for example, thickness or refractive index changes in

the sample.

When DIC is used to image a nanoparticle, the spatial offset between the orthogonally
polarised light paths means that one of the light beams interacts with the nanoparticle,
while the other one acts as a reference beam. When the two polarisations are recom-
bined, the reference beam therefore interferes with the forward scattered light from the
nanoparticle. The amplitude and phase of the scattered light can be recovered from the
measured signal, giving information about the optical properties of the nanoparticle [51].
DIC can also be used for detecting nanoparticles in cells as well as measuring individual
nanoparticles, for example DIC has been used to detect gold nanoparticles inside HeLa
cells [52].

Spatial Modulation Microscopy

Spatial modulation microscopy is another technique which has been used for measuring
the optical properties of single nanoparticles [53; 54]. The principle behind this technique
is that a nanoparticle is positioned in the focus of a laser beam and then the position of
the nanoparticle is modulated relative to the laser beam. A modulating signal is therefore
produced due to absorption and scattering of the laser light by the nanoparticle which
can be recovered using lock-in techniques. The advantages of this technique are that it
is quantitative, it is a far-field technique and it can detect either scattered or absorbed
light, which means that it can be used to detect nanoparticles of a wide variety of sizes.
In this respect, spatial modulation microscopy has an advantage over techniques such as
darkfield, which are based on detecting scattered light, making it difficult to detect small
nanoparticles for which absorption is the dominant LSPR mechanism. The disadvantage
of spatial modulation microscopy is that it is inherently a point scanning technique,
therefore it can be time consuming to image a large area of a sample. The theoretical
principles behind the spatial modulation microscopy technique will be explained in detail

in chapter 4.
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1.4.3 Photothermal Techniques

After a nanoparticle has absorbed light due to the LSPR, almost all of the absorbed
energy is converted into heat, causing a local change in refractive index. This effect is
known as the photothermal effect. Some nanoparticle imaging techniques make use of
signals produced due to this heating effect, such as the techniques described below. The
main disadvantage for photothermal based techniques for biological imaging applications
is that heating of the sample is required, which could cause unwanted effects or damage

when imaging biological samples.
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Photothermal DIC

The photothermal effect can be detected optically using a differential interference con-
trast (DIC) technique as the area directly surrounding the nanoparticle will heat up, but
the area around the reference beam will not heat up, causing a phase difference between
the two orthogonally polarised beams used in the DIC system. To improve noise rejec-
tion, the beam which is partially absorbed by the nanoparticle is modulated, causing
a modulation in the phase difference between the two probing beams and therefore a
modulation in the intensity of the detected light, which is the interference between these

two probe beams [56].
Photothermal Heterodyne Imaging

Another technique which uses the photothermal effect to detect nanoparticles is pho-
tothermal heterodyne imaging (PHI). In this technique, instead of using a DIC based
detection system, a single probe beam is used in addition to the heating beam. The heat-
ing beam is modulated in intensity causing a time modulated refractive index around
the nanoparticle. An off-resonance probe beam is incident on the nanoparticle which
produces a frequency shifted scattered field as it interacts with the varying refractive
index, which is produced in the presence of a nanoparticle. The frequency shifted scat-
tered field is interfered with the original probe beam. Since these two beams now have
slightly different frequencies a beat frequency is produced when they are combined which
is at the frequency of the modulation. Lock-in detection can then be used to recover the

signal at the beat frequency [57].
Photothermal Optical Coherence Tomography

The photothermal effect is also used in photothermal optical coherence tomography (PT-
OCT). Optical coherence tomography is an interferometric technique where a sample
of interest is illuminated with a laser and photons that have been backscattered off
subsurface features in the sample are collected, because it is an interferometric technique,
the path length of the received photons can be calculated and any photons that have
been scattered multiple times within the sample can be rejected [58]. This enables the
low signal produced by single scattering events to be recovered. OCT has a higher
resolution than other medical imaging systems such as ultrasound or MRI but as the
photons cannot penetrate very far through biological tissue it can only be used for
imaging up to a depth of 2mm. In PT-OCT a laser with a wavelength at the LSPR of
nanoparticles used in the sample is modulated to give a modulating PT signal which
gives rise to changes in optical path length. These changes are then detected using an
OCT microscopy system [59]. PT-OCT has been used for imaging applications including
imaging of gold nanorod uptake in lymph nodes [60], detection of macrophages in ex
vivo rabbit arteries using nanoparticles comprised of an iron oxide core coated with gold

[61] and for detection of gold nanoshells in human breast tissue [62].
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Photoacoustic Imaging

Another method that can be used for imaging nanoparticles in cells is photoacoustic
imaging [63] The principle behind this method is that laser induced heating of a sample
causes expansion of the media that is being heated by the laser beam, and compression
in the surrounding media. This effect produces an acoustic signal which is picked up by
an ultrasonic transducer. Where plasmonic nanoparticles are present in the sample, an
increased photoacoustic signal is seen when the nanoparticles are illuminated at their
LSPR wavelength as they absorb light at this wavelength and heat up, which increases
the photoacoustic signal. This technique has been used for in vivo imaging of mice with
tumors, after injection of PEG coated gold nanorods [64]. Using different illumination
wavelengths enables differentiation between the signal due to nanorods and that due to

other absorbers in the tissue (mainly haemoglobin and oxyhaemoglobin).

1.4.4 Non-linear Techniques

The methods described above are examples of techniques where the signal is produced
by the absorption or scattering of light due to the LSPR. Some nanoparticle charac-
terisation techniques are based on non-linear processes induced by the nanoparticles.
These techniques include two-photon excitation, third harmonic generation microscopy

and the four-wave mixing technique.
Two-Photon Luminescence Based Detection

Luminescence in solids, including gold is produced by a three step process. Firstly,
an electron-hole pair is excited. Secondly, the excited electron-hole pair relaxes to a
lower energy state (usually by transfer of energy to vibrations of the lattice). Thirdly,
the electron and hole recombine and produce a photon [65]. Two photon luminescence
(TPL) occurs when two photons produce one electron hole pair in one event. The TPL
signal is amplified by resonant coupling with localised surface plasmons and can therefore

be used as a way of detecting gold nanoparticles [69]
Third Harmonic Generation

The polarisation density P (dipole moment per unit volume) of a dielectric in the pres-
ence of an electric field E can be expressed as a Taylor series. In the simplest case, where

P is in the same direction as E, P is given by

1 1
P:eo(xEJr§x2E2+6X3E3+...). (1.15)

The first term in equation 1.15 is the same as the linear polarisation density and the

higher order terms give the non-linear polarisation density.
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When light of the form E = Eysinwt is incident on the dielectric, the resulting electric

polarisation is therefore

E3
P = egxEp sinwt + %4(1 — cos 2wt) + X;TOB sinwt — sin 3wt) + ... (1.16)
0

The third term of equation 1.16 gives rise to a wave with a frequency of 3w, which is

the signal used in third harmonic generation detection [66].

The second harmonic generation signal is forbidden for a perfectly spherical particle
much smaller than the wavelength of light, because in this case, symmetry means that
reversing the direction of the electric field will simply reverse the direction of the po-
larisation. In order for this to be true, the second term of equation 1.16 has to vanish.
Therfore, the second harmonic generation term is small for spherical metal nanoparti-
cles, as it is caused by defects and facets and any other variations present in an imperfect
sphere [67]

Four-Wave Mizing Based Imaging

Four-wave mixing is a non-linear process whereby three different frequencies of light
combine to produce a fourth frequency. This effect occurs when three light waves
are incident on a sample. That is, F = FEjsinwit + Essinwsot + FE3sinwst. The
third order term in equation 1.15 contains E2, which will give rise to a cross term
6F1 Ey E3sin wytsin wotsinwst. This cross term cannot be expressed as functions of wq,
wo and ws only as it also contains sum and difference terms +w; + wy £+ w3 [66]. In the
four-wave mixing technique, the LSPR of the nanoparticle is excited with two tempo-
rally coincident, interfering pulses P; and P,. A third pulse Pj is used to probe the
excitation. The presence of a nanoparticle on the sample has the effect of changing the
susceptibility x of the sample, which will increase the intensity of the four-wave mixing
signal. This technique has been used to detect nanoparticles as small as 5 nm in diame-
ter that have been used to label the Golgi structures (cellular organelles responsible for
processing macromolecules and sending them to other parts of the cell) of HepG2 cells

(a liver cancer cell line)[68].

1.4.5 Other Nanoparticle Imaging techniques

The methods described so far are optical detection methods which do not require labeling
the nanoparticle in order to enable detection. However, other methods for detecting and
imaging metallic nanoparticles are also available. Two methods that are commonly used
for biological studies of nanoparticles and cells, and which are therefore worth mentioning

in relation to this project, are transmission electron microscopy and fluorescent labeling.

Transmission Electron Microscopy
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Transmission electron microscopy (TEM) is an extremely high resolution imaging system
that is useful for imaging nanoparticles in cells as the particular area in the cell where the
nanoparticles are found can be easily identified. The size and shape of the nanoparticles
can also be easily observed using this method, which is important when using samples of
colloidal particles that are not necessarily uniform. The disadvantages of TEM are that
it is an expensive method, requiring lengthy sample preparation and whilst imaging of
live cells is possible, it is difficult to see the biological structure of the cells as the live
cells cannot be stained in the same way as the sections of cells usually used for TEM
[12].

Fluorescent labeling

Fluorescent dye molecules can be attached to the nanoparticles in order to enable detec-
tion [70]. Fluorescently labelled samples are often imaged with confocal microscopy. In
confocal microscopy, the sample is illuminated with a point focus and a pinhole is used
to eliminate any out of focus light from the sample. This technique increases the resolu-
tion and contrast possible in comparison with viewing fluorescent samples in a wide-field
microscope set up. A disadvantage of using fluorescent labelling is that conjugating the
dye molecules to the nanoparticles involves an extra step in the nanoparticle synthesis
which is not necessary as the nanoparticles can be easily detected without the presence
of the fluorophores using the techniques described previously. Another disadvantage of
using fluorescent dyes is the problem of photobleaching. That is, the signal given out by
fluorescent dyes becomes weaker the longer they are exposed to light at the fluorescence
excitation wavelength. The absorption and scattering signal of metal nanoparticles due
to the LSPR does not fade over time.

1.4.6 Discussion

There are many methods under development for the imaging of gold nanoparticles with
a focus on biomedical applications. Each of these methods has specific advantages and
disadvantages and in reality there is no one method which is ideally suited to all appli-
cations. Therefore, the development of different detection/characterisation methods for
metal nanoparticles can be viewed as the development of a toolkit, of which the aim is
that for any given application there should be a useful way of obtaining the required
information from the system. The two nanoparticle imaging systems that have been fo-
cused on in this project, darkfield microscopy and spatial modulation microscopy, make

up part of the nanoparticle characterisation toolkit.

The particular advantages of darkfield microscopy are that it is fast, low cost, there
is no requirement to induce physical changes in the sample by, for example heating it
or otherwise disrupting the sample through e.g. interaction with a SNOM tip. Also,

a large area of the sample can be viewed in real time. These features make darkfield
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microscopy suited to imaging of cells and nanoparticles. The main disadvantage is that
it is completely scattering based, which means it is not suited to imaging very small

nanoparticles.

The main advantages of SMM are that it can quantitatively detect the LSPR signal due
to either scattering or absorption and can therefore be used to detect nanoparticles of
sizes down to 5 nm. There is also no requirement to heat the sample or otherwise directly
interact with it further than illuminating the nanoparticles at the LSPR wavelength
and it is also relatively low cost in comparison with, for example electron microscopy
techniques. The main disadvantage of SMM is that it is, by nature a slow, point by

point measurement method.

1.5 Project Outline and Original Contribution

Chapters 2 and 3 of this thesis relate to darkfield microscopy. In darkfield microscopy,
the sample is illuminated and only the light that has been scattered back from the
sample is collected and sent to a CCD camera. The parts of the sample which scatter
light more strongly therefore show up as bright areas on a dark background. This
method enables the imaging of objects such as nanoparticles, which are too small to
see in brightfield microscopy, but which may scatter strongly and can therefore be seen
under darkfield illumination. Darkfield illumination has been used to detect the presence
of gold nanoparticles in dendritic cells. three-dimensional maps have been built up of
the cells in order to obtain more information about the position of the nanoparticles in

the cells than can be obtained from a two-dimensional image.

A hyperspectral imaging system has also been developed, which uses the darkfield
method to measure the optical spectra of single nanoparticles and clusters of nanopar-
ticles. These spectra have been correlated with TEM images of the individual particles
to demonstrate how the size and shape of individual particles and small clusters can
affect their optical properties. The hyperspectral darkfield technique is different from
other hyperspectral darkfield techniques available in that the sample is illuminated with
low power light at different wavelengths rather than illuminating the sample with high
power white light. There is a clear advantage to this hyperspectral darkfield system as
high power laser irradiation can cause damage to delicate biological samples such as live

cells so it is desirable to illuminate such samples with low power light.

The second microscopy method which has been developed in this project is the spatial
modulation microscopy method (SMM), which is discussed in chapter 4. Spatial modu-
lation microscopy has been used previously to detect and measure the spectra of single
nanoparticles [13]. In this project, the first steps have been made in implementing a

new detection scheme, that can image an area of 20 x 20 um on a sample, therefore
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simultaneously imaging multiple nanoparticles, which has possible applications in cell

imaging including 3D imaging of cells.

In order to develop this fast scanning version of SMM, a CMOS line camera [71; 72] has
been used which detects the signal in a line of pixels simultaneously as well as using a

phase stepping technique which negates the need for using a lock-in amplifier in the set

up.






Chapter 2

Nanoparticle Spectroscopy

2.1 Introduction

The work in this chapter relates to spectral measurements of plasmonic nanoparticles.
Spectral measurements are important in the characterisation of plasmonic nanoparticles
as the LSPR’s of the nanoparticles produce peaks in their absorption and scattering
spectra. Since the LSPR. depends on the dielectric constant of the surrounding environ-
ment, shifts in spectral peaks indicate changes in the local environment. This property
can therefore be exploited in sensing applications including biological sensing [73; 74].
The first step in the development of a system capable of measuring spectra of single
particles, was to measure the bulk spectrum of a solution of nanoparticles. Measure-
ments of the spectrum of a solution of nanorods using a supercontinuum light source
and an acousto-optic tuneable filter (AOTF) are therefore presented first in this chapter.
The method of using an AOTF and a supercontinuum source to perform a wavelength
scan was then further extended to create a hyperspectral darkfield microscope capable
of measuring the spectra of single metallic nanoparticles particles and small particle

clusters.

Darkfield microscopy has previously been shown to be a powerful tool for imaging metal-
lic nanoparticles and measuring their spectra [44]. The hyperspectral darkfield method
presented in this chapter enables the simultaneous measurement of multiple nanoparti-
cles on a sample, as opposed to other hyperspectral darkfield methods where scattered
light is collected from one nanoparticle at a time and the spectrum is then measured with
a spectrometer [75; 76]. Many current hyperspectral darkfield methods which simulta-
neously measure multiple nanoparticles at once, use broadband white light illumination
and then filter out different spectral components before detection [77; 78]. While studies
which use white light illumination and a spectrometer are extremely sensitive and can
go down to single molecule sensitivity [79; 80], the broadband irradiation of nanopar-

ticles can cause significant heating of the particles, which is unfavourable for in-vitro

27
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studies of sensitive biological systems [81]. It is possible to use this method to analyse
nanoparticles in biological systems [82], as is also demonstrated by commercially avail-
able hyperspectral darkfield systems [83]. However, the problem of heating of biological

samples is a concern in this case.

In this chapter, the hyperspectral darkfield system has been used to measure spectra
of a number of different nanoparticle samples. The hyperspectral darkfield method
has been used to measure the longitudinal and transverse resonances of lithographic
gold nanoantennas. The system has also been used to perform spectral measurements
on smaller, colloidal nanoparticles. Spectra of hollow gold nanoparticles have been
measured and correlated with transmission electron microscopy (TEM) measurements.
Finite element modelling of hollow gold particles has been used in order to evaluate
the experimentally measured spectra. The darkfield microscope has also been used to
measure spectra of silver nanocube clusters, which have been used to support polarisation

measurements in order to characterise their plasmonic response.

2.2 Measuring the Spectrum of a Solution of Metallic

Nanoparticles

2.2.1 The Acousto-Optic Tuneable Filter

To perform spectral measurements, a range of different wavelengths of light must be
available. One way to achieve an easily tuneable wavelength source is with the use of a

supercontinuum laser and an acousto-optic tuneable filter (AOTF).

The acousto-optic tuneable filter can be used to select a particular frequency of light
from the supercontinuum spectrum. Bragg diffration is used to achieve this effect. Bragg
diffraction occurs when light is incident on a crystal, and the wavelength A at which it
occurs depends on the angle of incidence of the light # and the lattice spacing of the
crystal d, through the relation 2d sin § = n\, where n is a whole number, as illustrated in
figure 2.1. Constructive interference occurs for the wavelength of light which fulfils this
condition, which can be used to filter a particular wavelength of light out of broadband
white light.

In the acousto-optic tuneable filter, a radio frequency piezo electric transducer creates
acoustic waves in a crystal. The density changes created by the acoustic wave consist of
periodic planes of different refractive indexes. This is equivalent to an effective crystal
lattice, as incident light will be scattered when it comes into contact with the different
planes in the same way that in traditional Bragg diffraction light is scattered off rows of
atoms in the crystal lattice. In the AOTF, the lattice spacing d is controlled by changing
the frequency of the RF driving voltage that drives the piezo electric transducer and

therefore the wavelength of the acoustic wave in the crystal.
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Figure 2.1: Diagram showing how the acousto-optic tuneable filter can be used
to select a single wavelength from white light using the Bragg effect.

2.2.2 Extinction Spectra Measurement Method

A system was set up for measuring the extinction spectrum of a solution of colloidal
nanorods in water. This was achieved by using the AOTF, to sweep through the required
frequency spectrum and a silicon photodiodode, to detect the light transmitted through
the sample. A chopper was also included in the set-up, enabling use of a lock-in amplifier,

to increase the signal to noise ratio of the transmitted light (See figure 2.2).

Optical Chopper

H lens
Supercontinuum Laserl | AQTF | O Photodiode '_ Reference

|
Sample
A

Lock-in Amplifier

Computer

Figure 2.2: System for measuring extinction spectra of a solution of nanoparti-
cles

The AOTF was driven by a programmable IDDS Isomet programmable frequency syn-
thesiser, which was programmed using labview firstly, to cause the AOTF to output
light at a required frequency, which was easily switchable between any frequencies in
the range output by the supercontinuum and secondly to perform a frequency sweep, ei-
ther continuous or stepped. The output from the photodiode was also incorporated into
the labview program so that spectral measurements could be performed automatically.

The automated process of measuring a scan is schematically illustrated in figure 2.3.
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Figure 2.3: Process of measuring an extinction spectra of a solution of nanopar-
ticles

In order to account for any wavelength dependence of the sensitivity of the photodiode
and of the supercontinuum laser power, a base line was measured by taking a spectrum
for a sample of water of the same volume and in the same cuvette as the nanoparticle
solution was measured. The baseline was then subtracted from the data taken for the

nanoparticle solution in order to produce a nanoparticle extinction spectrum.

2.2.3 Spectrum of a Solution of Colloidal Nanoparticles

In order to show that the system was capable of detecting the LSPR of nanoparticles, an
extinction spectrum of a sample of colloidal nanorods was measured in the wavelength
range of 500 to 900 nm and found to be in good agreement with a spectrum of the same

sample measured with a UV-Vis spectrometer (as seen in figure 2.4).

The LSPR peak is seen to occur at the same wavelength on both spectra, showing that
the system can correctly measure the LSPR of a solution of colloidal particles. The
width of the peaks is mainly due to the fact that the particles in the solution are not

completely homogeneous in size.
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Figure 2.4: Comparison of extinction spectra of nanorods measured using a
UV-Vis Spectrometer (A) and the AOTF system (B)

2.3 Hyperspectral Imaging - Experimental Methods

2.3.1 Darkfield Microscopy Methods

A home built darkfield microscope has been used to collect the results shown subse-
quently in this chapter and in the next chapter, which has been set up as follows.
Firstly, the relevant wavelength required for illuminating the sample is selected from a
supercontinuum source with an acousto-optic tuneable filter (AOTF) as explained in

section 2.2.

Secondly, a ring of light is produced by sending the laser beam into an optical fibre at a
slight angle, thereby coupling to one mode of the fibre, which has the effect of producing
a hollow cone of light from the fibre. The cone of light then enters the darkfield ring
of the microscope objective. Light scattered from the sample is collected with a CCD.
The sample is mounted on a stage which allows the user to focus and move to different
parts of the sample. Brightfield images were produced using a white light lamp behind

the sample. See figure 2.5 for a schematic representation of the setup.

Measurements of nanoparticle spectra were also automated using Labview. The basis
of the program used followed the same process as shown in figure 2.3 except the step of
collecting data from the photodiode was replaced with capturing an image on the CCD
camera and saving it. In addition to the continuous sweep process shown in figure 2.3, a
stepped scan was also implemented in order to allow refocussing of the image for different
wavelengths. The stepped scan was particularly useful for scans that included infra-red
wavelengths for which the microscope objective was not well corrected for chromatic

aberration.

In this project the darkfield microscope was tuned to detect nanoparticles with an LSPR

in the near infrared part of the spectrum. This wavelength range is the most important
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for biological applications, as transmission of light through biological tissue is highest in

the near infrared.

Microscope
Objective Piezo Stage

A
A

Supercontinuum Laser

Figure 2.5: Experimental Set-up

2.3.2 Calibration of Darkfield Imaging System

Both the power of the laser light and the sensitivity of the camera have a dependency

on wavelength as can be seen in figures 2.6 and 2.7.

Because of the variations in laser power and camera sensitivity with wavelength, the
system needs to be well calibrated, in order to show that any change in signal seen is
due to the nanoparticles, and not to the inherent changes in the sensitivity of the system
at different wavelengths. A method of producing a calibration curve for the whole system
is to measure the light scattered from a white paint pigment (TiO3) sample, using the
darkfield microscope, at different wavelengths. The white paint should scatter equally
well at all wavelengths of light relevant here. The calibration curve produced by this
method includes the camera sensitivity and laser power dependence on wavelength as

well as any other possible wavelength dependencies in the system. (See fig 2.8)

The laser power was measured with a power meter for a range of wavelengths after
the light had been filtered by the AOTF. The camera sensitivity was also obtained by
looking at the broadband scattering source under darkfield illumination and correcting
for the previously measured laser power by controlling the amplitude of the acoustic
waves in the AOTF. The measured camera sensitivity agreed well with the quantum

efficiency stated by the manufacturer.

2.3.3 Image Processing Methods

The wavelength tuneable darkfield setup can be used to collect hyperspectral information

for an entire image of 1000 x 1000 pixels, covering an area on the sample of 145 x 145um.
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Figure 2.6: Dependency of laser power on wavelength for supercontinuum source
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Figure 2.7: CCD Camera sensitivity at different wavelengths. The values mea-
sured here agree well with the quantum efficiency stated by the manufacturer.

The hyperspectral information is collected as follows: Using the AOTF, controlled via
a Labview program, a wavelength scan of the supercontinuum light is performed. The
same Labview program is used to take between three and ten images (depending on user
requirement) for each wavelength of the scan with a CCD camera. From these images an
averaged image is produced for each wavelength in order to reduce noise. The series of
averaged images is then used in the next stage of image processing, which is performed

as follows, using Matlab.

First, areas of interest (AOIs) are selected on the image. Next, the intensities of those

AOQOIs are collected for each of the images in the series. Since each image in the series



34 Chapter 2 Nanoparticle Spectroscopy

2500 +

2000 -

& gK\ 4runil
gk run 2
1500 % “run3
S " *
X %
1000 |
/_\ X
*

500 -+

0 T T T T T T T T ]
500 550 600 650 700 750 800 850 900 950

Wavelength (nm)

Figure 2.8: Calibration curve showing wavelength dependent sensitivity of dark-
field microscope

represents a measurement at a different wavelength, a spectrum is therefore built up for

each area of interest.

The sizes of the areas of interest are set to be 7 x 7 pixels, an area on the sample of
approximately 1 x 1um, in order to fully include all the light from a particular nanopar-
ticle, without including too much background signal or light from another neighbouring
particle. The positions of particles are also tracked from image to image using a cross
correlation function, and the positions of the areas of interest are adjusted accordingly
in the program, by shifting the image to the peak of the cross correlation. Position
tracking is important, as sometimes the particles may have moved slightly from image
to image due to the sample slipping, for example. A movement of the sample of about
500 nm is enough to move the particles partially out of their defined areas of interest,

which can disrupt results.

Two different measures of particle intensity are made by the image processing program.
Firstly the total number of counts that have arrived at the CCD over the entire area
of interest, and secondly the maximum value of counts for any one pixel in the area of
interest. It has been found that using the maximum value gives more accurate results
as this usually comes from the centre of the bright spot of interest, which is always
comfortably inside the area of interest. Even with the methods described above, the
edges of bright spots may move slightly outside the areas of interest, which leads to a
change in the proportion of light collected from a nanoparticle from image to image.
If this happens, the total counts method becomes inaccurate. Also, the total counts
method includes a lot of pixels which contain no light from the nanoparticle and may

contain background light from other sources with could affect the accuracy of the results.
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Therefore, in this thesis the maximum counts from one pixel in the area of interest is

used in most cases as the measure of intensity of scattered light.

2.4 Measurement of Longitudinal and Transverse LSPR
modes of Gold Nanoantennas with Polarised Light

The hyperspectral darkfield system has been used to measure the scattering spectra due
to the longitudinal and transverse modes of a sample of nanoantennas. The nanoan-
tennas consist of two arms, each arm is 200 nm in length, 100 nm wide, and 25 nm
thick with a gap between the arms of 20 to 80 nm, on a silicon substrate [85]. The
nanoantennas were fabricated lithographically by M. Abb (University of Southampton).
In order to only collect light which has been scattered by the nanoparticle at a particu-
lar polarisation angle, a polarisation filter was added to the darkfied setup described in
section 2.3.1 in front of the CCD camera and a depolariser was added after the AOTF
to un-polarise the polarised light exiting the AOTF. In order to account for any po-
larisation dependence of the system, this was measured by measuring the polarisation
dependence of a broadband scattering sample in the system and then correcting for this.
The polarisation angle was chosen to be zero when the transmission axis of the polarisa-
tion filter was equal to the longitudinal axis of the nanoantennas. As the nanoantenna
sample was at a slight angle in the microscope, the polariser was aligned to the sample
by illuminating the sample with light with a wavelength of 900 nm and adjusting the
rotation angle of the polariser to find where transmitted light was at a maximum. The
alignment was then confirmed by drawing a line on top of a column of antennas on
the image in PowerPoint and seeing how much the line was rotated from the vertical.
Spectra were then measured for polarisation angles of 0° + 1° and 90° 4+ 1°. Individual
spectra for all nanoantennas in the array are measured simultaneously for any given
polarisation angle. However the spectra of six typical antennas are presented here for

clarity. Figure 2.9 shows the positions of the six nanoparticles in the array.

Figure 2.10 shows the variation in light scattered by nanoantennas 1-6 with wavelength.
The longitudinal resonances measured with vertically polarised light (0°) are shown in
fig. 2.10a. The transverse resonances measured with horizontally polarised light (90°)

are shown in fig. 2.10b.

From figure 2.10 it can be seen that the positions of the longitudinal and transverse
spectra of the antennas have been measured successfully using the hyperspectral dark-
field imaging system. The longitudinal plasmon resonance for the antennas is found to
be at a wavelength of 890 nm +/- 34 nm and the transverse resonance is at 730 nm + /-
18 nm. The reason for the larger difference in peak position between antennas for the
longitudinal resonance is because the gap size between the antennas has a higher level

of uncertainty than the other dimensions.
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Figure 2.9: Positions of nanoantennas for which spectra have been measured
using horizontally and vertically polarised light. The image shown here has
been taken at a wavelength of 728 nm using vertically polarised light
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Figure 2.10: a) Spectra of nanoantennas measured using polarised light with
a transmission axis aligned with the long axis of the nanoantennas. b)Spectra
of nanoantennas measured with polarised light with a transmission axis aligned
with the short axis of the nanoantennas.

It is expected that the resonance along the long axis of the antenna would be redshifted
in comparison to the resonance along the short axis of the antenna, since the long axis

can support a longer wavelength mode and this is indeed what is observed.

2.5 Polarisation Dependence of Gold Nanoantennas

It is also interesting to demonstrate the difference in the polarisation dependence of the
nanoantennas at different wavelengths by choosing two wavelengths (the peaks of the
longitudinal and transverse resonance) and scanning over polarisation angle between 0

and 180 degrees.
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Figure 2.11: A false colour darkfield image of gold nanoantennas taken at
713 nm, 0 degrees polarisation, showing the positions of antennas A, B and
C. Plots show the intensity variation of the antennas with polarisation angle for
two wavelengths, 713 nm and 871 nm.

Figure 2.11 shows how the light scattered from gold nanoantennas at different polarisa-
tion angles varies in intensity due to the longitudinal and transverse plasmon resonances.
The polarisation dependence was measured using the hyperspectral darkfield setup with
a polariser placed in front of the CCD camera (the same arrangement as in section 2.4)
However, in this case the wavelength of incident light was kept constant and the polariser
was rotated to collect different polarisations of light scattered from the antennas. The
antennas were placed in the setup such that the long axis of the antennas were in line

with the transmission axis of the polariser at the 100° position.

It can clearly be seen from figure 2.11 that when the transmission axis of the polariser
is parallel to the long axis of the nanoantenna, there is an increase in the intensity
of the 871 nm wavelength light. When light with a wavelength of 713 nm is shone
onto the antennas, the measured polarisation dependence is 90° out of phase with the
polarisation dependence seen for the longer wavelength light and shows a peak at 10°,

when the transmission axis of the polariser is parallel to the short axis of the antenna.
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These results are to be expected, since 871 nm is the position of the longitudinal LSPR
and 713 nm is the position of the transverse LSPR peak.

2.6 Hyperspectral Imaging of Colloidal Gold Nanorods

2.6.1 Identification of Single Nanorods using Polarised Light

The hyperspectral darkfield imaging method is useful for simultaneously measuring the
spectra of many nanoparticles or particle clusters on a sample. The measured spectra
can be used to identify whether or not nanoparticles are present on the sample. The
measured spectra can also provide a good indication of whether or not the detected
scattered light is due to single nanoparticles or due to a nanoparticle cluster or aggregate
as the spectrum for a cluster or aggregate would be expected to be different from a single
particle spectrum due to coupling effects between the nanoparticles [44]. If a measured
spectrum agrees well with the theoretically predicted spectrum for the size and shape of
colloidal nanoparticles used then this evidence is a strong indication that the scattered

light which has been measured is due to a single particle.

However, within a sample of colloidal nanoparticles there is some variation in nanopar-
ticle size, and the size variations in nanorods can also cause the LSPR to change so it
would be useful to know if differences between spectra of different bright spots on the

sample are due to size variations or to the presence of clusters of nanoparticles.

When polarised light is shone onto a nanoparticle, for the LSPR to be excited the
direction of the oscillation of the electric field of the light must match up with the
direction of oscillation of electrons in the nanoparticle, required for that particular LSPR
mode. That is, for nanorods, the polarisation of light required to excite the longitudinal
LSPR mode is perpendicular to the polarisation required to excite the transverse mode,
therefore a polarisation dependence of the LSPR will be observed from a sample of

nanorods deposited on a glass substrate.

In order to attempt to identify single nanorods, the polarisation angle of light was

changed and any changes in the intensity of light scattered from the sample were noted.

Some of the bright spots on the sample were seen to have a polarisation dependence.
An example is shown in figure 2.12 which shows two images of a sample of colloidal
nanorods taken at two orthogonal polarisations. It can be observed that some bright

spots that are present in the first image are not seen in the second image.

The bright spots that were found to have a polarisation dependence were therefore
chosen as likely candidates for single nanorods. While this method can give a reasonable
indication of whether bright spots are due to single nanoparticles, small clusters of

nanoparticles can also show a polarisation dependence. For example two nanorods that



Chapter 2 Nanoparticle Spectroscopy 39

i) 0° 632nm Counts

1000

600

Figure 2.12: Darkfield image of the same area on a sample of colloidal nanorods
taken at the same wavelength but at two orthogonal polarisation angles.

are closely spaced and orientated in the same direction would be expected to show a

polarisation dependence.

2.6.2 Spectral measurements of Individual Gold Nanorods
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Figure 2.13: A darkfield image of a sample of gold nanorods taken at an illumi-
nation wavelength of 713 nm with a measured spectrum of the indicated bright
spot on the image, shown along with a theoretically predicted spectrum.

Figure 2.13 shows a spectrum for a single nanorod candidate measured using the hy-
perspectral imaging system. The nanorod is from a sample of OEG coated nanorods
with average length 47 nm and average width of 16 nm, deposited on a TEM grid.
The image was taken with an exposure time of 0.2 seconds. A theoretical prediction of
the extinction spectrum produced by Martina Abb (University of Southampton) is also
shown. The theoretical spectrum has been created by performing finite element analysis
on a cylindrical rod with hemispherical end caps of length 47 nm (including end caps),
diameter 16 nm, in air. The height of the theoretical peak has been normalised to fit on
the graph with the measured peak. The position of the measured peak agrees well with
the theoretical prediction of the extinction spectrum for a single nanorod with the same

dimensions as the average nanorod dimensions in the sample. The agreement of the
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measured peak with the theoretically predicted LSPR strongly suggests that this candi-
date is a single nanorod. However, it is difficult to make such a statement with surety

without further information from, for example, a TEM image of the same nanoparticle.

From the darkfield images and spectra alone, it is difficult to know whether the par-
ticles being measured are truly single particles, even though polarised light has been
used to identify likely single particle candidates. In addition, a further disadvantage is
that the polarisation method for identifying single nanoparticles can only be used for
asymmetric nanoparticles such as nanorods and cannot be used for identifying for ex-
ample, branched or spherical shaped particles. It is also difficult to know, where clusters
have been measured, how many particles are in the cluster. Therefore further study
of the measurement of single particle spectra using the darkfield hyperspectral imaging
system has also been conducted. Spectral measurements correlated with transmission
electron microscopy (TEM) images of spherical hollow gold have been measured in order

to directly compare the size and shape of particles with their spectra.

2.7 Hyperspectral Measurements Correlated with TEM
Images of Hollow Gold Nanoparticles

2.7.1 Experimental Methods

For the purpose of comparing single nanoparticle spectra with TEM images, hollow gold
'nanocages’ were deposited onto copper TEM finder grids, which had previously been
coated with formvar and carbon. Hollow gold nanoparticles were chosen because it was
not possible to detect single hollow gold particles using the polarisation dependence
method. Hollow gold particles are of particular interest for biomedical applications
because their LSPR falls in the biological near IR window and biological molecules can
be encapsulated inside the cavity in the particle and let in and out selectively depending
on the size of the molecules and the size of the pores in the hollow gold particles [23].
Hollow gold particles have also been used to trigger release of drugs from liposomes after
absorption of infrared light causes the nanoparticles to heat up and cause the liposomes
to burst [86].

Figure 2.14 shows three images taken with a TEM at different magnifications and one
image taken with the darkfield microscope with incident light at a wavelength of 713 nm.
The letters a to p correspond to the same particles/clusters of particles in each image.
The letters of the finder grid (for example the letter 'O’ shown in the top left corner of
fig. 2.14 1)) were used to identify a particular part of the grid to be mapped. Larger
nanoparticle aggregates were then used as landmarks in order to find a particular group
of single nanoparticles in the darkfield microscope, which had been previously imaged

in the TEM. The hyperspectral imaging method was then used to measure the spectra
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Figure 2.14: i),ii),iii) TEM and iv)darkfield images of hollow gold nanoparticles
and nanoparticle clusters

of single particles and small clusters. The error in the method is thought to mainly
originate from an error in the focus of each image. The microscope objective used in the
experimental set up was not chromatically corrected for wavelengths outside of the visible
range. In order to correct for this, the focus was adjusted manually between images. For
wavelengths below around 700 nm, the objective was corrected for chromatic aberration
and the manual focus adjustments were not needed. In addition to measuring the spectra
of the nanoparticles in the hyperspectral darkfield microscope, finite element analysis
was performed in order to provide a theoretical reference to compare the measured

spectra with.

2.7.2 Comparison of Theoretically Predicted and Measured Spectra

Figure 2.15 shows the spectrum of particle m (which has previously been identified in
fig 2.14) along with close up TEM and darkfield images of the particle. The darkfield
image shown has been measured at 713 nm, close to the peak of the spectrum. Figure
2.15 also shows a theoretical fit to the experimental spectrum measured for a particle
m, a single hollow gold particle in the hyperspectral darkfield microscope. Since the
hollow gold nanoparticles were measured on a formvar coated TEM grid, in the FEM
models, an average refractive index (1.2) of air (1.0) and formvar (1.4) has been used as

an approximation of the refractive index of the surrounding material. The size of the
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Figure 2.15: Spectrum of particle m measured in the hyperspectral darkfield
microscope and a theoretical fit to the data produced by finite element analysis.
Darkfield and TEM images of particle m are shown as insets and a near-field
map of the electric field enhancement around the modelled particle on and off
resonance is also shown.

k
1.2 - . .
£ 1- . '
S C * 100nm
_ e ¢ *
8 0.8 ' .. .. ..
061 #*7 o °
2 0.4 1 0,% o,
pr ) e
£ 021 © e
(=)
= 01 _o
'0.2 'y- T 1
550 750 a50

Wavelength {nm)

Figure 2.16: Spectrum of particle k measured in the hyperspectral darkfield
microscope along with a TEM image of the particle.

particle was taken to be 83 nm in diameter, measured from the TEM image. It is difficult
to determine the shell thickness from the TEM images as the shell is not truly a constant
thickness. However, for modelling purposes a shell of constant thickness was used and
this thickness was estimated by fitting the theoretical spectrum to the experimental
data. A shell thickness of 5.5 nm was found to produce a good fit to the experimental
data for particle m. The height of the theoretical peak was scaled to the same height
as the experimental data. A near-field map of the electric field enhancement(|E| /| Ey|)
shows that the LSPR peak is due to a dipole mode. Particle m shows a resonance at

685 nm 4 10 nm which is in agreement with previously measured hollow gold studies
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Figure 2.17: Spectrum of particle m measured in the hyperspectral darkfield
microscope and a theoretical fit to the data produced by finite element analysis.
Darkfield and TEM images of particle m are shown as insets and a near-field
map of the electric field enhancement around the modelled particle at the LSPR
is also shown.

[87]

Figure 2.16 shows the measured darkfield spectrum of particle k, another single particle.
The measured signal for particle k is weaker than for particle m since particle k is
smaller and therefore does not scatter light as strongly as particle m. However the peak
in the scattering spectrum at the LSPR wavelength is still detectable, demonstrating
that the hyperspectral darkfield technique can be used to measure the scattering spectra

of particles with a diameter under 100 nm.

Figure 2.17 shows the spectrum of two hollow gold particles closely spaced with a close
up TEM image and a darkfield image illuminated with 850 nm wavelength light. In
the darkfield image the light from the individual particles is indistinguishable. The
spectrum shows that a coupling of the two particles has produced a redshift of the
LSPR peak to 840 nm. A theoretical fit to the experimental spectrum is also shown,
which was produced by modelling two particles with diameters of 79 nm and 60.5 nm,
a separation of 24 nm and shell thicknesses of 3.7 nm. A near-field map of the electric
field enhancement shows the field enhancement is concentrated in the gap between the
two particles. The thickness of the two shells was assumed to be approximately the
same as large differences between the shell thicknesses of the two particles produced
Fano resonances which were not observed experimentally. However a slight difference in
the shell thicknesses of the two particles could partly account for the difference between
the theoretically predicted and observed spectra. It can be seen from figure 2.18 that
for two hollow gold particles that are extremely close together, a red shift is seen in the

measured spectra, which is in agreement with studies of strongly interacting nanoshells

[89]
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Figure 2.18: Spectra of dimers n and o and trimers i and 1 measured in the
hyperspectral darkfield microscope, along with close up TEM images.

Figure 2.18 shows spectra of hollow gold particle trimers. Both spectra show clear peaks
at around 900 nm but the spectrum for trimer i also shows a peak at around 750 nm.
This could be due to the fact that the two clusters have different shapes or because
they have different orientations. In addition, the light beam is polarised by the AOTF.
A depolariser was used to un-polarise the light but a slight polarisation dependence
remained. Another factor which could affect the spectrum is that 1 has a larger total
size than i. The spectrum of trimer 1 seems to show a small shoulder at around 750 nm
(the position of the second peak in the spectrum of trimer i) as well as a small peak
at around 650 nm. However these features are too small compared to the experimental
error to be of clear interest. The particles which make up the trimers shown here are
fairly irregular and the shell thicknesses are not constant. The complex LSPR response
of the trimers could be due to plasmonic Fano resonances caused by a mismatch in size

or shell thickness between the different nanoparticles in the trimers [88].



Chapter 2 Nanoparticle Spectroscopy 45

daw
=7
1

/ D-Q s _Quadrupole
—b

Figure 2.19: Schematic showing the substrate mediated hybridisation of a dipo-
lar and quadrupolar mode resulting in anti-bonding (1) and bonding (2) hy-
bridised modes(adapted from [94]).

2.8 Measurements of the Spectra of Single Silver Nanocubes

and Linearly Organised Nanocube Clusters

Silver nanocubes and nanocube clusters are of interest for many applications, in par-
ticular for sensing applications such as SERS [90], since the sharp corners of the cubes
give rise to intense ’hot spots’ of electric field enhancement [91]. When nanocubes are
present on a substrate, two peaks are often seen in the spectra. These two peaks are
due to a Fano resonance caused by the hybridization of a dipolar and a quadrupolar
mode as shown in figure 2.19. One peak is due to a resonance where the electric field is
preferentially enhanced away from the substrate (D-Q) and one where the electric field
is preferentially enhanced towards the substrate (D+Q) [92; 93]. The hybridization is
mediated by image charges which form in the substrate. The magnitude of the induced
charges depends on the permittivity of the substrate so the Fano resonance is stronger
the higher the permittivity of the substrate [94]. A further effect that has been seen in
silver nanocube dimers is splitting of the main dipolar resonance which occurs when the
corners of the cubes are rounded [95]. Interaction between nanocubes and high index
substrates such as silicon can result in completely different behaviour of nanoparticles
compared to their isolated responses [96]. Using the hyperspectral imaging system it
is possible to measure an array of nanocube clusters on a silicon substrate to acquire

scattering spectra of a number of individual clusters or individual nanocubes.

2.8.1 Experimental Methods

Scattering spectra were measured in the hyperspectral darkfield set-up as previously

described. For the polarisation measurements, a polariser was placed in front of the



46 Chapter 2 Nanoparticle Spectroscopy

CCD camera which was rotated between images. The SEM images of the nanocube
clusters were taken in a Karl Zeiss Leo SEM after the hyperspectral measurements in

case any damage to the sample was caused by the electron beam of the SEM.

The silver nanocubes were produced by O. Rabin et al, according to the method de-
scribed in [97]. The nanocubes were then deposited onto a silicon substrate to from
a nanocube array, which was produced by the same group according to the method
described in [98].

2.8.2 Results

4000

3000

2000

1000

Figure 2.20: i)SEM and ii)darkfield images showing an array of nanocube clus-
ters, with labels showing the system of naming the individual clusters in the
array used in subsequent images.

Figure 2.20 shows a comparison of darkfield and SEM images of the array of nanocube
clusters. The clusters in the array have between 1 and 4 nanocubes per cluster. In most
of the clusters, the nanocubes are aligned in a line, with varying gap distances between

the nanocubes in the cluster.
Single Nanocubes

Figure 2.21 shows a polarisation plot for a single silver nanocube from position 1,6 of the
array along with scattering spectra and an SEM image of the particle. The scattering
spectra show a resonance at 698 nm + 10 nm which does not seem to have a polarisation

dependence.

Overall, the single nanocubes seem to show a weak polarisation dependence with a peak

aligned with one of the straight axis of the cube.

Connected Dimers
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Figure 2.21: A polar plot showing scattering from the nanocube at different
laser polarisations for three different wavelengths, shown with an SEM image
of the nanocube and a plot showing the scattering spectra measured at two
different polarisations
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Figure 2.22: A polar plot showing scattering from the nanocube dimer in posi-
tion 6,4 shown with an SEM image and a plot showing the scattering spectra

The connected dimers seem to show a strong polarisation dependence, with a maximum
along the straight axis of the particle dimer. This effect can be seen in figures 2.22 and
2.23.

Separated Dimers

Figure 2.24 shows a polarisation plot for a silver nanocube dimer from position 9,4 of
the array along with scattering spectra and SEM image of the particle. The scattering

spectra show a resonance at 706 nm 4+ 10 nm but the scattering from the nanoparticles



48 Chapter 2 Nanoparticle Spectroscopy

6,9

25000
20000
15000
= 10000

o
Normalised Counts

200nm 30000 5002
315 N 45 4500 6500 850.0 1050.0
20?20‘ ‘_1 Wavelength (nm)
10000
1
270 o = 90
J’ .‘l
L\. ,»// ~713nm
225 Y 135 650nm
615nm
180

Figure 2.23: A polar plot showing scattering from the nanocube dimer in posi-
tion 6,9 shown with an SEM image and a plot showing the scattering spectra
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Figure 2.24: A polar plot showing scattering from the nanocube dimer in posi-
tion 9,4 shown with an SEM image and a plot showing the scattering spectra

is much stronger when the polarisaton of the laser is aligned with the direction of the

long axis of the nanocube dimer.

Figures 2.25 and 2.26 show the polar plots and scattering spectra for nanocube dimers
with a larger spacing between the two cubes in the dimer than those shown in figures
2.22 - 2.24. The polarisation dependence seen for the closely spaced dimers is not seen
in this case and the resonance present in the scattering spectra is seen to blueshift to
around 650 nm. A weak second peak is also seen in the scattering spectra at 850 nm,
which is more pronounced when the polarisation is aligned with the long axis of the

nanocube dimer for both dimers.

Overall, the peak seen at 650 nm does not seem to show a large polarisation anisotropy.
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Figure 2.25: A polar plot showing scattering from the nanocube dimer in posi-
tion 7,5 shown with an SEM image and a plot showing the scattering spectra

7,6 £ 10000
2 8000 » .
Jom e, o
(] £ a0 L5 T €
g %,
8000 5 2002‘ / | ‘ . |
315 6000. 45 4500 6500 8500 1050.0
K\ L YN Wavelength (nm)
4000
/. 2000 s
270 - 0 0
e’
o VN K V‘;"
225 135 ~713nm
650nm
180 615nm

Figure 2.26: A polar plot showing scattering from the nanocube dimer in po-
sition 7,6 at different laser polarisations for three different wavelengths, shown
with an SEM image of the nanocube and a plot showing the scattering spectra
measured at two different polarisations

There seems to be a secondary feature at 850 nm for all the separated dimers with a
maximum along the alignment axis. This feature is also seen for pairs of nanocubes

which are slightly rotated with respect to each other, such as in figure 2.26.
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Figure 2.27: A polar plot showing scattering from the nanocube trimer in posi-
tion 5,10 at different laser polarisations for three different wavelengths, shown
with an SEM image of the nanocube and a plot showing the scattering spectra
measured at two different polarisations
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Figure 2.28: A polar plot showing scattering from the nanocube trimer in po-
sition 1,5 at different laser polarisations for three different wavelengths, shown
with an SEM image of the nanocube and a plot showing the scattering spectra
measured at two different polarisations

For closely spaced trimers in the array such as 5,10 shown in figure 2.27 a similar result

is seen as for the closely spaced dimers. More scattering from the trimer is seen when the

polarisation of the laser is aligned with the long axis of the trimer. A difference between

the closely spaced trimer and the closely spaced dimers is that for the trimer a bigger

shift in the resonance is seen between the two different polarisations at which the full

spectrum has been measured. For trimers with a larger spacing between the nanocubes,
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less of a polarisation dependence is seen as shown in figure 2.28. The trimers seem to
show similar responses to the dimers in that polarisation dependence is weaker when

the nanocubes are spaced farther apart.
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Figure 2.29: A polar plot showing scattering from the nanocube tetramer in
position 5,7 at different laser polarisations for three different wavelengths, shown
with an SEM image of the nanocube and a plot showing the scattering spectra
measured at two different polarisations

Figure 2.29 shows a nanocube tetramer. For light polarised in the direction of the long
axis of the tetramer, A peak in the spectrum is seen at 674 nm + 10 nm and a further
shoulder is seen at 819 nm + 10 nm. For light polarised in the direction of the short
axis of the tetramer, a peak is seen at 632 nm + 10 nm with a shoulder at 721 nm +
10 nm. The nanocube tetramer exhibits a complex polarisation response, which could

be due to the horizontal misalignment of the cubes relative to each other.

2.8.3 Discussion

Overall, the system of nanocube clusters on silicon with various orientations of and spac-
ings between the nanocubes in each cluster is complicated as there are many parameters
involved which affect the resonances of such a system. The hyperspectral darkfield sys-
tem is particularly useful for cases like this where it is desirable to know where the
plasmon resonances are for particular individual cluster which may be used for SERS,
for example, but where it may be difficult to predict what the plasmon resoanances
might be without modelling each individual cluster. As can be seen from the results
above, small changes in parameters such as gap spacing appear to have an effect on the

polarisation of the resonances and on the peak positions.
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From a comparison of the measured results with those found in [94] and [92] it appears
that the resonance measured for the single cube is the lowest energy mode (the D+Q
hybridised mode), in which the field is strongest towards the substrate. For the dimers,
the result is in agreement with [95], that is, a stronger peak is seen in the visible for the
interparticle axis and a weaker peak is seen for the perpendicular axis. However, the
pronounced redshift observed in [95] was not seen. This difference could be caused by
an interaction with the substrate, which has already produced a strong redshift in the

single particle case.

2.9 Conclusions

In this chapter, the hyperspectral darkfield microscopy method has been shown to be
successful for imaging of and performing spectral measurements on gold nanoparticles.
A bespoke darkfield microscope has been built which enables darkfield imaging over a
range of near IR and visible wavelengths through the use of a supercontinuum laser
and an acousto-optic tuneable filter. Automated wavelength scans can be performed
and therefore spectral information can be aquired covering the whole field of view of the
darkfield microscope simultaneously, as opposed to a point by point method. The hyper-
spectral darkfield method has been used to meaure both the transverse and longitudinal
LSPR peaks of an array of lithographically produced nanoantennas. The system has also
been used to measure spectra of single colloidal nanorods and to measure the spectra of
colloidal hollow gold nanoparticles, which have also been imaged in a TEM in order to
correlate data aquired from these two imaging systems. In addition, the hyperspectral
darkfield system has been used to measure the scattering spectra and polarisation de-
pendence of individual silver nanocubes and silver nanocube clusters, which have also

been imaged in an SEM to correlate the measured spectra to particular clusters.

Overall the hyperspectral darkfield imaging system has been shown to be a useful tool
for imaging of gold and silver nanoparticles on a substrate. Individual nanoparticles can
be detected as long as they are separated spatially from each other by at least 300 nm.
The sensitivity of the darkfield microscope has also been demonstrated - the smallest
nanoparticles detected individually using this system have been the gold nanorods of
length 47 nm, diameter 16 nm. Gold nanoparticles larger than this can be imaged using

the hyperspectral imaging system and spectra of the particles can also be measured.

The results in this chapter also demonstrate the limitations of this method. The spectra
measured are not as precise as those which can be measured using other spectroscopy
methods, for example spatial modulation microscopy or conventional broadband dark-
field spectroscopy using a grating spectrometer, but the advantage of the hyperspectral
darkfield technique is that spectra of multiple nanoparticles can be measured simulta-

neously.
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In applications requiring spectral measurements of nanoparticles, the hyperspectral
darkfield method could be useful as a method both to view the nanoparticles on the
substrate (a non-trivial problem when the nanoparticles are below the diffraction limit
of optical brightfield microscopes) and to perform a preliminary spectral measurement
of an area of the sample of order 100 x 100pum from which particular nanoparticles
of interest could be defined for further, more precise spectral measurements on select

individual particles or clusters.

In the next chapter the development of the darkfield microscopy technique for imaging

the interactions between nanoparticles and cells will be discussed.






Chapter 3

Darkfield Microscopy for
Detection of Gold Nanoparticles

in Cells

In this chapter, the use of darkfield microscopy for the detection of gold nanoparticles
inside cells is discussed. It is possible to use darkfield microscopy for the detection of
metallic nanoparticles on a cellular background [24; 99], since due to their plasmonic
properties, nanoparticles with dimensions over 50 nm scatter light strongly at a partic-

ular resonant wavelength compared to any background scattering from cells.

The purpose of developing the darkfield detection method described here is to demon-
strate the detection of plasmonic nanoparticles on a cellular background and to show
how the positions of nanoparticles inside cells can be identified using this method. A
further advantage of using darkfield microscopy as a method for detecting nanoparticles
in cells is that due to the short exposure times of between 0.01 and 0.2 seconds needed
to collect darkfield images, it is possible to image in real time using this method, which

means that live cell imaging is possible.

3.1 Detection of Gold Nanorods in Fixed Dendritic Cells
using Darkfield Microscopy

In this project, the method of using darkfield microscopy to detect plasmonic nanopar-
ticles inside cells has firstly been demonstrated using fixed dendritic cell samples. Den-
dritic cells have been grown and then incubated with gold nanorods with a known
plasmon resonance at 705 nm. The home built darkfield microscope set up described

in chapter 3 has been used, which allows darkfield images to be aquired at different

55
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wavelengths of light ranging from 500 to 900 nm, easily covering the longitudinal plas-
mon resonance of the nanorods. The presence of nanoparticles in a sample of dendritic
cells has been confirmed by comparing the amount of scattered light from a cell sample
that has been incubated with nanoparticles to the signal from a control sample of cells

without nanoparticles.

3.1.1 Cell Preparation Methods

Dendritic cell (DC 2.4 cell line) samples have been produced by H. Warren (University
of Southampton, Physics and Astronomy) and N. Fairbairn with the help of R. Carter
(University of Southampton, School of Medicine).

Different samples were produced as follows: 1x10° DC 2.4 dendritic cells were added to
each well of a 12-well microplate, each containing a coverslip and incubated for 24 hours
in standard growth medium at 37°C. Nanoparticle solution (40 ul, 20 pl of concentra-
tion with longitudinal extinction peak with an optical density of 2.5), produced by R.
Fernandes (University of Southampton, Physics and Astronomy) was then added to the
relevant wells and centifuged together with the cell solution(1-2 mins, 250 rpm), The
samples were then incubated in standard growth medium at 37°C for periods of 1 hour
and 2 hours. A control sample of cells without nanoparticles was also produced. The
coverslips were then washed in PBS, fixed in paraformaldehyde for 7 mins and washed

again in PBS. Slides were prepared by gluing coverslips to glass slides with moviol.

3.1.2 Results

Figure 3.1 shows dendritic cells that have been incubated with gold nanorods and a
control sample of cells without nanorods. It can be clearly seen that the sample which
gives the highest signal under the darkfield microscope is the sample with 40 pl of
nanorod solution incubated for 2 hrs, at a wavelength of 691 nm. This wavelength is
within the longitudinal plasmon resonance peak of the nanorods, as can be seen from
figure 3.2, an extinction spectrum measured by R. Fernandes. This evidence strongly

suggests that the increased signal from this sample is due to the presence of nanoparticles.

The spatial distribution of the detected scattering signal suggests that the nanoparticles
may be mainly located around the edges of the cell and it is likely that they have been
uptaken in the endosomes of the cell. This experiment is mainly a test of whether the
home built darkfield microscope would be able to detect the scattering signal of the
nanorods on top of a cellular background, so for this purpose it is sufficient that the

nanoparticles are present and concentrated at the position of the cells.

Figure 3.1 shows an increase in signal for cells that have been incubated for a longer

time. This result suggests that there is some uptake of, or interaction between, the
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Figure 3.1: Summary of darkfield images from samples of cells incubated with
different amounts of nanoparticles for different lengths of time. A brightfield
image of each cell is also shown.
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Figure 3.2: Extinction spectrum of gold nanorod solution used in these experi-
ments, measured by R. Fernandes by UV-Vis spectrometry.

nanoparticles and the cells, since the cells are washed after incubation with nanoparticles
so any nanoparticles that are not attached to, or inside the cells should be washed away.
A higher signal is found at all wavelengths when more nanoparticles are present in the
sample. This effect could be due to a broadening of the plasmon resonance peak due to

some aggregation of the nanorods as they are collected in the endosomes of the cells.

The darkfield microscope has a wavelength dependent sensitivity, with a maximun
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around 730 nm. The darkfield images shown in figure 3.1 are the original measured
images so the wavelength dependence of the system has not been corrected for. To
verify that the signal observed in fig 3.1 is due to nanoparticles, the mean value of light
scattered over the total area of each cell is shown for different wavelengths, corrected for
system efficiency, in figure 3.3. In the absence of nanoparticles, a flat response is seen.

Where nanoparticles are present, a clear peak is observed.
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Figure 3.3: Normalised values of scattered light from sample, measured at cam-
era, for sample containing 40 pl of nanoparticles, incubated with cells for 2hrs,
and a control cell sample.

Overall, the darkfield microscopy method seems to be successful at enabling detection
of gold nanorods in a cellular environment as long as certain conditions are satisfied.
Specifically, when the wavelength of light is at the plasmon resonance of the nanopar-
ticles, when the concentration of nanorods is high enough, and the incubation time is

long enough to allow the nanoparticles to attach to, or be taken up by the cells.

3.2 Three dimensional Cell Imaging

The darkfield microscopy images shown in the previous section can only be used to
localise the position of the nanoparticle in the XY plane. From these images it is
difficult to tell the difference between whether the nanoparticle has been internalised in
the cell, is attached to the surface, or is positioned some distance above or below the cell
in the image. It can be seen that the nanoparticle and the cell have the same position in
the Z plane by seeing that they come into focus at the same point. However, whilst the
nanoparticle is a point like object with a clear focus, the cell is more spread through the

Z direction, so as the focus is changed, different parts of the cell go in and out of focus.
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Because of this effect, it can be difficult to use two dimensional images of cells with
nanoparticles to localise the position of any nanoparticles inside the cell. Therefore, a
method of visualising this information in a three dimensional image has been developed,
by building up 3D images from 2D slices that are taken at different Z positions through

the sample.

3.2.1 Experimental Methods

The same home built darkfield set up described previously has been used to take the
2D images which make up the slices of the final 3D image. In order to produce the
3D scans, the sample is mounted on a piezo stage, with a computer controlled scan
range of 20 pm in the 7 direction. The stage is used to scan the sample through the
focus of the microscope objective and a 2D image is collected every 0.5 pm. A Matlab
program is used to convert the 2D images into a 3D array, in a format which can be
opened with the visualisation program MayaVi. In order to reduce the out of focus light
from each 2D slice, it can also be useful to differentiate each 2D image in the X or Y
direction so that only the sharper parts of the 2D image contribute to the 3D image. The
image differentiation was performed using a Matlab program. The effect can be seen in
figure 3.4 which shows colloidal nanorods which have been deposited on a TEM grid and

nanoantennas fabricated with e-beam lithography on an ITO coated glass substrate.

3.2.2 Results

In order to demonstrate the depth of focus of the darkfield system, a 3D image array
of nanoantennas (fabricated by M. Abb) is shown in figure 3.5. The nanoantennas are
positioned on the surface of a glass slide, so they all have the same position in the
Z direction. From figure 3.5 it can be seen that the resolution of the Z position of
the nanoantennas is approximately 2 um, which is the FWHM of a crossection taken

through an antenna, shown in figure 3.6.

Figure 3.6 shows a cross section through the 2D slices in the Z direction. The two lines
on the graph show the intensity change with Z position for 2D slices which have been
differentiated in the x direction and undifferentiated slices. From this graph it can be
seen that image differentiation gives a slightly sharper focus than using undifferentiated
images. For the nanoantenna image only a slight difference is seen between differentiated
and undifferentiated images because the antennas are on a glass substrate with minimal
background scattering so the undifferentiated image is already very sharp. However, the
antenna example adequately demonstrates the limits of 3D localisation of nanoparticles

using the method described here.
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Figure 3.4: Images of colloidal nanorods (i) and an array of nanoantennas with
a contamination spot (ii), before and after differentiation
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Figure 3.5: 3D image of nanoantennas shown at different angles
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A dendritic cell sample, incubated with gold nanorods as described in chapter 3 has also
been imaged using the 3D imaging technique described above. Figure 3.7 shows four
2D slices that are part of the series of slices used to build the 3D image of the cell. For
these images an alternative method has been used to minimise background light. The
images have been recorded at two different darkfield wavelengths. Firstly at 713 nm,
which is on resonance for the nanorods, and also at 650 nm, which is off resonance.
To normalise the images, the off resonance image is subtracted from the on resonance
image (the variation in laser power at different wavelengths is also accounted for). The
normalised darkfield image is then added to the brightfield image so that the position of
the cell can be seen as well as the nanorods, since the cell is hardly visible in darkfield.

The reason for performing the normalisation is to try and reduce light which is not due

to scattering from nanoparticles in the image.

3000
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Figure 3.7: 2D slices of a dendritic cell incubated with gold nanorods, taken at
different Z positions

The 2D slices are then stacked to form a 3D image. The 3D image of the dendritic cell

shown in figure 3.7 is shown from different angles in figure 3.8.

From figure 3.8 it is possible to clearly see the Z position of the bright nanoparticle
cluster (which can be seen as a red spot in the image), whilst a 2D image can only
show the X and Y position. The 3D imaging technique is useful to show the position of
nanoparticles relative to a cell. The technique can be used to confirm that nanoparticles
have truly been internalised inside a cell or to see if nanoparticles are, for example,

attached to the surface of a cell.
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Figure 3.8: 3D image of a dendritic cell incubated with gold nanorods shown
from different angles

3.3 Imaging of Fibroblast Cells

The darkfield imaging system has been shown to be useful in imaging cells and for
detecting the presence of nanoparticles in a sample of cells. However, in order to improve
the imaging system further, an additional 405 nm laser was added to the set up in order

to take fluorescence images of cells.

Fixed fibroblast cells (cell line 1.929) have been imaged using the darkfield imaging sys-
tem. The clarity of the images has been improved by using a fluorescent dye (DAPT)
with an emmision maximum at 461 nm, to stain the nuclei of the cells and the experi-
mental set up has been modified in order to enable fluorescence images of the cells to be
taken as well as brightfield and darkfield images. The Fluorescent dye was excited with
a 405 nm laser which is coupled into the microscope objective using a dichroic mirror.
A fluorescence filter was also placed in front of the CCD camera in order to detect only
the light which is emitted by the fluorescent dye and to cut out light from the 405 nm

laser.

A sample of cells which were incubated with 100 ul of gold nanorod solution which had
an optical density of 1, coated with HS-PEG-COOH for 6hrs and a control sample of cells
that were prepared in the same manner except for the inclusion of nanoparticles were

compared. Both samples were prepared by A. Christofidou (University of Southampton).

Figure 3.9 shows brightfield, fluorescence and darkfield images of a sample of cells incu-

bated with nanorods for 6hrs. In the fluorescence image, the nuclei of the cells can be
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Figure 3.9: Brightfield, fluorescence and darkfield images of a sample of cells
that has been incubated with gold nanorods for 6hrs. Darkfield images are
shown for two different wavelengths, 706 nm which is close to the resonance of
the nanorods, and 662 nm which is off resonance.

seen as these have been stained with DAPI. More scattering is seen on the darkfield im-
age measured at 706 nm than on the darkfield image measured at 662 nm. This increase
in scattering close to the expected LSPR of the nanoparticles is an indication of the
presence of nanoparticles in the cells. The images shown in figure 3.9 are uncalibrated
images so the wavelngth dependant sensitivity of the system has not been taken into

account. Calibrated data from the same images is shown in figure ?7.

In order to verfy that the increase in scattering is due to the nanoparticles rather than
just scattering from the cells, spectra were measured of small areas of the cell, using the

hyperspectral darkfield imaging system described in chapter 3.

From the spectra shown in figures 3.10 and 3.11 it can be seen that the spectra of the
scattered light from the sample of cells that has been incubated with the nanoparticles
for 6hrs are typical nanoparticle spectra with peaks that are close to the expected LSPR
of the nanoparticles which is at 705 nm. The spectra of scattered light from the control

sample, on the other hand, do not show any obvious peaks and the intensity of light
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Figure 3.10: Spectra of areas of scattering in cells that have been incubated
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Figure 3.11: Spectra of areas of scattering in a control sample of cells. Areas a,
b, and ¢ on the full darkfield image correspond to the close up images a, b and

¢ Spectra of bright spots i, ii and iii are shown

scattered from the sample is also lower, as can be seen in the difference in normalised

counts between the two samples.

3.4 Imaging of SHSY-5Y Cells

Nanoparticles hold great potential for use in neuroscience as they have the potential to
cross the blood brain barrier [25; 26]. The blood brain barrier refers to the tight junctions

around capilliaries that separate the blood from the extra cellular fluid in the central
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nervous system. These tight junctions do not exist elsewhere in the circulatory system
and they make it extremely difficult to deliver drugs to the central nervous system. Since
nanoparticles have the potential to deliver drugs across the blood brain barrier there is
a lot of interest in studying the way they interact with the cells of the central nervous

system.

In addition, the impact of exposing the nervous system to nanoparticles should be assesed
[100], since the nervous system could come into contact with nanoparticles by multiple
delivery pathways due to its spatial distribution within the body and close proximity
to nanoparticle exposure sites such as skin. The ease with which nanoparticles enter
a cell and the degree of clustering of nanoparticles inside the cell can depend on the
type of nanoparticle coating. The TET-1 peptide specifically binds to the trisialogan-
glioside clostridial toxin receptor on neurons, possibly promoting a receptor-mediated

endocytosis [101].

In order to further understand the interactions of these TET-1 coated nanoparticles
with cells of the central nervous system a series of experiments have been conducted
using darkfield microscopy to image the nanoparticles, and brightfield and fluorescence
microscopy to image the cells. The information from the three images has been com-
bined to identify the position of the nanoparticles relative to the cell. Spectra of the

nanoparticles have also been measured using the hyperspectral darkfield technique.

SHSY-5Y cells are a cell line which is originally derived from human neuroblastoma cells.
In this experiment SHSY-5Y cells have been incubated with hollow gold nanoparticles
coated with TET-1 peptide for incubation times of lhr and 2hrs. A control sample
without nanoparticles has also been produced. SHSY-5Y cell samples were prepared by
A. Christofidou.

Figure 3.12 shows images of a cell that has been incubated with nanoparticles for 2hrs.
The original darkfield image is shown, along with a combined false colour image showing
brightfield, darkfield and fluorescence (darkfield shown in red, fluorescence shown in
blue). The fluorescence image was achieved by staining the nuclei of the cells with DAPI
and exciting the dye with a 405 nm wavelength laser. Spectra were also measured for
different parts of the cell using the hyperspectral darkfield system described previously.
The purpose of measuring spectra in this case was to try to identify if the bright spots
observed in darkfield were due to nanoparticles or to scattering from the cell. All three
of the spectra show peaks, suggesting the presence of nanoparticles. Spectra i and ii
both show narrow peaks at 728 nm, which is close to the theoretically predicted peak for
average sized hollow gold particles at 740 nm. Peak ii is twice as high as peaks i and iii

which are of a similar height, which may suggest that i and iii are single nanoparticles.

Figure 3.13 shows images of a cell from the sample which has been incubated with
nanoparticles for 1hr along with spectra. Spectra i, ii and iv show broad peaks with

maxima around 700 nm, which is a blueshift from the expected hollow gold nanoparticle
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Figure 3.12: (a) A darkfield image and (b) a combined false colour image show-
ing darkfield, fluorescence and brightfield image of a SHSY-5Y cell that has
been incubated with hollow gold nanoparticles for 2hrs are shown along with
spectra i - iii, taken from different bright spots indicated on (a)

resonance. Spectrum ii shows a spectrum with two peaks, which looks similar to the

spectrum measured for a nanoparticle trimer shown in chapter 2.

Figure 3.14 shows images of a cell from a control sample of SHSY-5Y cells which have
not been incubated with nanoparticles. It can be seen that there are some bright spots
observed when the cell is viewed in darkfield. These bright spots are due to light that
has been scattered from the cell and can be differentiated from the nanoparticle signals,
by the measured spectra. The spectra measured for the control cell do not show the
characteristic peaks of nanoparticle resonances and the variation in intensity of light

with wavelength is less for the control cell sample.

Overall the comparison of the three samples suggests that nanoparticles are not present
in the control sample but are present in both the 1hr and 2hr incubation samples. It can
be seen from the 2hr and 1hr incubation samples that the nanoparticles are interacting
with the cell in some way as they are found along the outline of the nuclei in some
instances. However it is difficult to say whether the nanoparticles are inside the cell or
bound to the outside. It is also clear that some scattering is seen near to the cells which
does not seem to be directly related to the cells. An example of this can be seen in the
lhr incubation image in the top right corner of the image. Spectrum iii is measured
from this area and seems to be a nanoparticle spectrum rather than due to, for example,
dust on the sample. The cells have been washed in order to remove any nanoparticles
that are not directly bound to the cells but in this case it seems that not all of the
nanoparticles have been succesfully removed from the substrate. Therefore some of the

nanoparticles present on these samples could be attached to the substrate rather than
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Figure 3.13: (a) A darkfield image and (b) a combined false colour image show-
ing darkfield, fluorescence and brightfield image of a SHSY-5Y cell that has been
incubated with hollow gold nanoparticles for 1hr are shown along with spectra
i- iv, taken from different bright spots indicated on (a)

attached to or inside the cells. The way the nanoparticles seem to line up around the
edges of the nuclei of the cells, however, suggests that these nanoparticles, at least, are

interacting with the cells.

3.5 Real Time Darkfield Imaging

3.5.1 Real Time Imaging of Hollow Gold Nanoparticles in Solution

The exposure times required for darkfield imaging of nanoparticles and cells are fairly
low (<1 sec), Therefore it is possible to perform real time imaging measurements. Real
time darkfield imaging has been demonstrated on a solution of nanoparticles, where the
motion of individual nanoparticles or nanoparticle clusters can be tracked. The darkfield
microscope was set up as described in chapter 2. The nanoparticles used were hollow
gold nanospheres coated with OEG-HG005-COOH. A glass coverslip coated in poly-I-
lysine was used as the base of the container which held the nanoparticle solution and
the microscope was focused on the surface of the coverslip that was in the nanoparticle
solution. The Labview program used to capture and save the darkfield images was
modified to capture and save a series of frames one after the other. These frames were

then combined using a Matlab program to produce a video. The exposure times used
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Figure 3.14: (a) A darkfield image and (b) a combined false colour image show-
ing darkfield, fluorescence and brightfield image of a control SHSY-5Y cell that
has not been incubated with hollow gold nanoparticles are shown along with
spectra i - iv, taken from different bright spots indicated on (a)

for the individual frames were 0.01 to 0.1 seconds. However, the time taken to save
each image with the Labview program had the effect of slowing down the frame rate to
between 1.4 and 1.9 frames per second, for exposure times between 0.01 and 0.1 seconds.
The exposure time used for a particular video was chosen so as to collect enough light

from the sample whilst avoiding over-exposure

An example of a few consecutive frames of a video are shown in figure 3.15. It can be
seen that it is possible to track individual particles and clusters. A clear example of this
can be seen by focusing on the bright spot indicated by the arrow in the first frame of
figure 3.15 which moves around on the surface of the glass coverslip before sticking to the
coverslip in frame 16. Nanoparticles and nanoparticle clusters that are higher up in the
solution above the coverslip can also be recognised by the pattern of rings characteristic
of a point like bright spot which is out of focus. These out of focus patterns could also
be used to track the positions of the particles in the vertical direction although this step

is outside the scope of this project.

3.5.2 Real Time Imaging of Cells and Nanoparticles

Real time imaging is a useful tool and one of the advantages of darkfield imaging over
other nanoparticle imaging methods is that real time imaging is possible with darkfield

[102], which would be difficult with, for example, a scanning imaging method. One
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Figure 3.15: 20 consecutive frames, each taken with an exposure time of 0.1s
(constituting a total capture time of 38 seconds) from a video of hollow gold
nanoparticles in solution illuminated with a darkfield illumination at a wave-
length of 728 nm

possible application of real time darkfield imaging is to study nanoparticle uptake by
cells in real time. The real time videos of SHSY-5Y cells in the presence of nanoparticles
have also been recorded using this system to demonstrate the potential for live cell

darkfield imaging.

The SHSY-5Y cells were grown as described in section 3.4 inside a purpose built chamber
which fitted into the darkfield setup. 1ml of nanoparticles of concentration with an
extinction peak with an optical density of 0.5 was added to the cells for 1hr and then
the chamber was fully sealed and moved to the darkfield microscope for imaging. The
temperature of the chamber was kept at 37.5 +/- 1 °C during the darkfield measurement
by use of a temperature controller. The positions of the cells were verified with brightfield

and fluorescence before recording the darkfield video.
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An example of a short section of the video is shown frame by frame in figure 3.16. It
can be seen from this figure that the nanoparticle follows a random walk path with a
total path length of 47 um in 20 frames with the furthest distance moved between two
frames being 3.5 um. It is clear that the imaging frame rate is fast enough to enable

tracking of individual nanoparticles.
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Figure 3.16: 20 consecutive frames taken at 0.01 s exposure time (constituting
a total capture time of 28 seconds) showing a cell with nearby hollow gold
nanoparticle along with close-up views of the nanoparticle, showing the path
followed by the nanoparticle
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3.6 Conclusions

In this chapter, the use of darkfield microscopy as a tool for imaging nanoparticles inside
cells has been demonstrated. The wide ranging biomedical applications of nanoparticles
mean that there is a high demand for methods of detecting nanoparticles on a cellular

background, which can be achieved with darkfield microscopy.

The detection of CTAB coated gold nanorods in DC 2.4 cells was first demonstrated.
The highest darkfield signal was seen for cells that had been incubated with the highest
number of nanorods for the longest time (40 ul of OD 2.5 solution for 2hrs) when the
cells were viewed in darkfield at the LSPR wavelength of the nanorods. The presence of
nanorods was confirmed by measuring average spectra of light scattered from cells using
the hyperspectral darkfield system. The difference seen between the control sample
and the 40 pl 2hrs sample clearly indicated the presense of nanorods in the 40 pl 2hrs
sample. The other samples, which contained nanoparticles at a lower concentration or
where a shorter incubation time of 1hr was used also showed an increase in signal at

the LSPR wavelength but to a lesser extent, suggesting that nanoparticles were also
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present in these samples but not as many nanoparticles were present. The difference
in signal from the nanoparticles seen for different incubation times indicates uptake
of the nanoparticles over time by the cell which is to be expected for CTAB coated
nanoparticles [103]. Overall this experiment showed that darkfield microscopy was a

suitable choice for detecting the presence of nanoparticles inside cells.

One of the main disadvantages of using standard darkfield microscopy for the detection
of nanoparticles in cells is that it can be difficult to differentiate between nanoparticles
that are on the surface of the cell and nanoparticles that are inside the cell. In order
to overcome this problem a 3D darkfield system was developed in which 2D darkfield
images were captured at different focuses and then built up into a 3D image, in order to
show the 3D position of nanoparticles relative to cells. The depth of focus of the darkfield
system was also measured using this technique and was found to be approximately 2 pum.
It was also found that taking the derivative of the image improved the depth of focus

slightly.

The hyperspectral darkfield system described in chapter 2 has also been used for collect-
ing spectral information from images of nanoparticles in cells. The hyperspectral system
is a useful improvement on standard darkfield microscopy, particularly in the context
of using darkfield for detection of nanoparticles inside cells as spectra of bright spots
can be used to confirm that they are indeed due to light scattered from the nanoparticle
rather than from the cell or another scatterer such as dust on the sample. The use of the
hyperspectral darfield system has been demonstrated in this chapter for imaging 1.929
and SHSY-5Y cells.

Another advantage of darkfield microscopoy over other imaging systems commonly used
to detect the presence of nanoparticles inside cells (for example TEM) is that it is
well suited to real time imaging of live cells. Real time darkfield imaging of hollow
gold nanoparticles in solution and of live cells incubated with nanoparticles has been

demonstrated.

Overall, darkfield microscopy has been shown to be a useful tool for detection of nanopar-
ticles inside cells, particularly when combined with a hyperspectral system for measur-
ing spectra of multiple nanoparticles on an image. The hyperspectral system is ideal
for measuring nanoparticles in cells as many different sites of interest can be measured
simultaneously, which means it is possible to collect spectral information from many
different suspected nanoparticle sites in the cell. Spectral information is useful as it
enables identification of nanoparticles and could also be used to identify whether the
nanoparticles are individual or in small clusters from the different spectral signatures.
This information is useful as it could help to understand aggregation effects within cells

which could provide information about cellular processes.



Chapter 4

Spatial Modulation Microscopy of

Nanoparticles and Cells

Along with darkfield microscopy, another technique that has been used for imaging
metallic nanoparticles in this project is spatial modulation microscopy (SMM). The use
of a spatial modulation technique for quantitatively measuring the optical properties of
plasmonic nanoparticles has been previously demonstrated and has been shown to be a
valuble technique for gathering information about the properties of plasmonic nanopar-
ticles as small as 5 nm in diameter [53; 13; 107]. In this project, in order to further
increase the usefulness and expand the possible applications of SMM, this technique has
been developed into a fast imaging technique with each image covering an area of up to

20 x 20pm and taking only several seconds to acquire [104].

Another area that has been explored in this project is the potential of using SMM for

imaging cells, and in particular for imaging nanoparticles in the cellular environment.

4.1 Theoretical Background

The principle behind the spatial modulation technique can be explained as follows. The
nanoparticle is positioned in the focus of a laser beam. The position of the laser beam
is then modulated using a piezo mirror, which has the effect of translating the position

of the nanoparticle relative to the centre of the laser beam as shown in figure 4.1.
The nanoparticle is much smaller than the focus of the laser beam. The total transmitted
laser power with a nanoparticle in the focus of the beam is therefore given by

Pt:Pi_o-extI(xay)u (41)

73
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beam

O

Nanoparticle

Figure 4.1: Spatial Modulation Microscopy: The position of the nanoparticle
is translated in and out of the focus of a laser beam, creating a modulating
intensity signal which enables detection using a lock in amplifier or a detector
which uses the phase stepping technique.

where P, is the incident laser power o, is the extinction cross section of the nanoparticle
I(x,y) is the spatial intensity profile of the beam. When the modulation of the position

of the nanoparticle is introduced in the x direction, the transmitted power is given by

P, =P, — 0egtl[x + dxsin(27 ft), y], (4.2)

where dz is the modulation amplitude and f is the modulation frequency. Because
the spatial intensity profile of the beam is a Gaussian, the beam power drops off quite
rapidly away from the centre of the focal spot. Therefore, it is sufficient for the modu-
lation amplitude to be small compared to the beam size. Equation 4.2 can therefore be

expressed using a Taylor expansion as

"

I
Py~P; — 0eptl(2,y) — Oegid (z,y)0 sin(27 ft) — aext?(:c, y)5$2 sin2(27rft), (4.3)

where I’ is the first derivative of I(x,y) with respect to x and I"” is the second derivative
of I(x,y) with respect to z. The 2f signal aquires an additional minus sign from equation
4.3 since sin?(27 ft) = %‘”ﬂ, which is why the measured 2f signal appears to be

reversed in comparison to I”.

In order to see the extinction signal of the nanoparticle, the measurement value of
interest is AT/T, the change in transmission over the total transmission, which is given
by (P, — P;)/P; [53]. From equation 4.3 it is apparent that this value will contain

components with frequencies 1f and 2f proportional to I’ and I” respectively.

Because I(x,y) is a Gaussian with a maximum value at 2 = 0, the value of I’ is equal to

zero when z displacement is zero and I” is at a minimum as shown in figure 4.2. Therefore
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the position of the particle is given by a zero between a maximum and minimum for the

1f signal and by a maximum in between two minima for the 2f signal.
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Figure 4.2: The shape of the original beam profile, I, is shown, along with I’
and I”. The 1f SMM signal is proportional to I’ and the 2f signal is proportional
to I”

4.2 Point-Scanning Spatial Modulation Microscopy

Spatial modulation microscopy has been demonstrated with a slow, point by point
method using a lock-in amplifier and silicon photodiode to recover the small modu-
lating signal on top of the large background. Using this slow scanning method, in order
to scan an area of the sample, the sample can be moved using a piezo stage, and an
image built up pixel by pixel. The experimental setup used for the lock-in detection

method is shown in figure 4.3.

The microscope objective used in the experimental setup had a numerical aperture of
0.9, which can produce a diffraction limited spot size of 389 nm at a wavelength of
700 nm.

Single particle spectra can also be measured using the spatial modulation technique.
Figure 4.5 shows the spectrum of the nanorod cluster imaged in figure 4.4 which has
been collected by focusing the laser beam onto the cluster, aligning the centre of the laser
beam with the cluster by maximising the AT'/T signal, and noting the value of AT'/T for
a range of wavelengths. The wavelength scan was performed by using a supercontinuum
laser and an acousto-optic tuneable filter. The spectrum shows a clear peak at 700 nm,
which is close to the bulk LSPR of the sample of nanorods at 705 nm. The fact that the
spectrum is quite broad indicates that the particle shown in figure 4.4 is likely to be a

cluster of nanorods rather than a single particle.

Although lock-in based spatial modulation can be used to measure spectra, this method
is more time consuming than the darkfield hyperspectral imaging system described ear-
lier in the project. The spectra measured using spatial modulation spectroscopy must

be measured particle by particle and it can be difficult to find particles on the sample
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Figure 4.3: Experimental setup for spatial modulation microscopy using a lock-
in amplifier.
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Figure 4.4: 1f and 2f signals for a nanorod cluster measured using the point
scanning method at a wavelength of 713 nm

without using another imaging system such as darkfield in order to examine the sample

globally.

4.2.1 Imaging of Nanoantennas using the Point-Scanning Method

The point-scanning spatial modulation setup was tested using gold nanoantennas on
an ITO coated glass substrate, fabricated with E-beam lithography by M. Abb. The
nanoantennas are comprised of two arms, each arm is 200 nm in length, 100 nm wide,
and 25 nm thick with a gap between the arms of 20 to 80 nm and were designed to

have a resonant dipole mode at around 850 nm [85]. The nanoantennas can be detected
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Figure 4.5: Extinction spectrum of nanorod cluster measured using SMM
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using spatial modulation microscopy, as shown in figure 4.6. In this case the 2f spatial

modulation signal was used. That is, the first harmonic of the modulation frequency

was used as the lock-in reference frequency. The reason for using the 2f signal is that

this produces a bright area on the image at the position of the nanoparticle, while the

1f signal, (at the fundamental modulation frequency) gives zero intensity at the position

of the nanoparticle.
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Figure 4.6: 2f SMM image of array of nanoantennas measured with an illumi-
nation wavelength of 713nm using the point scanning lock-in detection method,
along with a cross section taken through the image at y=2um through a row of

antennas.

It is also possible to calculate a value for the extinction cross section for the antennas,

as follows.

For an incident beam with power P;, focused on the antenna with a width of focus w,

and distance x from the centre of the beam, the beam profile I(x) is given by

I(z) = 2L o(-=*/u?),

Tw?

(4.4)
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The measured 2f signal (Thy) is given by Payg/P; where Py is the 2f term in equation
4.3.

2

Pyy = —aemt?(x, y)ox2sin? (27 ft). (4.5)

At x = 0 the 2nd derivative of I is given by

2P,
I"0) = ——*. 4.6
0)=-=" (46)

the extinction cross section is therefore
4

Tw o
_ 4.7
o 12 (4.7)

With a width of focus w = 500nm, displacement of the spot in the x direction due to
the spatial modulation dx = 300nm and using a value of T5f of 0.65 taken from figure

2

4.6 this gives an extinction cross section of 1.4 x 10*nm?2. This value is in reasonable

agreement with the calculated cross-sections for these nanoantennas presented in [85].

4.2.2 Imaging of DC 2.4 cells using the Point-Scanning Method

Since this project has a focus on biological applications, the point scanning spatial
modulation microscopy technique has also been used to image biological cells. Figure
7 shows SMM images of two different samples of DC 2.4 cells. Sample 1 is a control
sample of normal DC 2.4 cells, while sample 2 has been incubated with a solution of
CTAB coated gold nanorods.

In image c, the outline of the cell can be clearly seen along with some changes in refractive
index within the cell, indicative of internal structure. In images d and e, the highlighted
area of interest shows some features with a higher level of extinction than the rest of the
cell. Since no cells were seen with these features in sample 1, this would suggest that the
areas of higher extinction are due to the presence of gold nanoparticles which may be
aggregated within an endosome of the cell. The SMM point scanning method has been
shown to have potential use for imaging of plasmonic nanoparticles on a substrate or in
a biological cell. However, the images shown in figure 4.7 took approximately two hours
to aquire so this is clearly not a viable option for most cellular imaging applications.
Therefore the next step in the project was to develop a faster version of SMM imaging

system.
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Figure 4.7: a,b) brightfield images of dendritic cells without (a) and with (b)
metal nanoparticle incubation. Dark regions in (b) represent nanoparticle ag-
gregates. (c,d) Point-scanning SMM images of the two cells at the 1f frequency
measured at 713nm illumination wavelength. (e) Image of sample b at the 2f
frequency measured at 713nm illumination wavelength. The red highlighted
areas on images a and b are the same areas as images ¢ and d/e repectively

4.3 SMM - Fast Scanning Method

The current disadvantage of using the lock-in technique is that it requires point by point
measurements on individual nanoparticles and scanning across an area using this tech-
nique is very time consuming. Here, a new technique is demonstrated which enables the
development of the spatial modulation measurement technique into an imaging system
which can be used for simultaneous measurement of nanoparticles spread over an area of
20 x 20pm. This fast scanning spatial modulation method makes use of a CMOS mod-
ulated light camera produced by the research group of Prof. M. Somekh at Nottingham
University. The line camera uses a phase stepping technique to detect a modulating
signal [71; 72]. The use of the line camera means that a lock in amplifier is no longer
needed to detect the modulating signal produced by the spatial modulation technique.
The line camera can also detect light incident on a line of pixels simultaneously, which
speeds up the measurement time since a piezo stage is only needed to scan one dimension
rather than two. The fast scanning technique shown here has improved the time taken
to image an area on the sample of 20x20 um from over an hour when using a point

scanning system, to approximately 1 second

4.3.1 Experimental Methods

The CMOS camera enables simultaneous detection of a line of pixels. An image can

therefore be collected much faster than the point scanning method described earlier in
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this chapter. The experimental set up for the line scanning method can be explained
as follows. A vertical line focus was created from a 690nm laser diode source using a
cylindrical lens. The sample was measured in transmission using a microscope consisting
of two 100x 0.9 NA microscope objectives. The light transmitted through the camera
can either be directed onto the CMOS line detector or a CCD camera, which is used
for sample positioning along with a brightfield illumination set up. A diagram of the

experimental set up is shown in figure 4.8.
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Figure 4.8: Experimental setup for spatial modulation microscopy measure-
ments using CMOS line camera.

The CMOS line camera makes use of multiple wells and a phase stepping technique
to detect a modulating signal, replacing conventional lock-in detection. The camera
features a pixel well depth of 2 x 10° electrons, allowing a theoretical shot noise limited
performance of 2 x 107° per well. The phase stepping technique can be explained as
follows. The intensity of the light source on the detector, when the position of the focus

is modulated using a single frequency sine wave is given by equation 4.8.
I = A+ Bcos(wt + ¢) (4.8)

The camera samples the waveform four times per cycle (every 90°) and aquires four

different values of I, leading to a set of four simultaneous equations (4.9):

Iy = A+ Bcos(¢)

I = A — Bsin(¢)
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Is = A — Bcos(¢)

I = A+ Bsin(¢). (4.9)

These equations are solved to give;

A=+ 1+ 13+ 14)/4

B=/(I, — I3)2 + (I, — 15)%/2
—1 I4 - I2

=1 .
¢ = tan L1,

(4.10)

The CMOS line camera has four wells per pixel, therefore it is able to sample higher mod-
ulation frequencies than a conventional camera as the four phase steps can be aquired
and stored without needing to readout the camera after each step. The intensity signal
in every well is integrated over a quarter of a cycle for each step, after which the on-chip

electronics switches to the next well.

It is also possible to obtain the 1f and 2f components of the modulated signal using the
CMOS line camera, as long as the phase of the fundamental and harmonics are known

and remain constant. The amplitudes of the 1f and 2f components are given by

ALy =[(Iy + 1) — (Is + 14)]/2

Afgf = [([1 — IQ) + (Ig — 14)]/4. (4.11)

4.4 Normalisation of Images

After the collection of raw images using the line scan method, the images were further
processed in order to improve their quality. The raw images are prone to contain noise in
the form of lines of high and low intensity across the image which is due to the line of laser
light not having a constant intensity along its length, and because of slight differences
in sensitivity of different pixels of the line camera. In order to improve the quality of
the image, a few columns at an edge of the intensity image, away from the cell, were
averaged over to produce a single column of average values, which were then subtracted
from each of the individual columns in the image. An example of an intensity image
before and after processing is shown in figure 4.9. To normalise the 1f and 2f images,
the images were divided by this normalisation factor. The reason for using an average
taken from columns of pixels at one edge of the image as a normalisation factor was
to use an average of the background, in order to remove only the horizontal lines from
the image without removing parts of the image relating to the cell. Since the horizontal

lines were different for images taken at different times, using an edge of the image itself
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was found to give a better result than taking a separate reference image of an empty

area of the sample and using this as the normalisation factor.
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Figure 4.9: Image of a dendritic cell measured using line scanning technique i)
before and ii) after normalisation.

The ripples in the image are likely coherence artifacts caused by the coherence of the

laser used in taking the image and diffraction of light from the object [108].

4.5 Results

The SMM line scanning system has been used to image an array of gold nanoantennas on
an ITO coated glass substrate, fabricated with E-beam lithography by M. Abb, in order
to demonstrate the limits in sensitivity of the system. The nanoantennas are comprised
of two arms, each 200nm in length, 100nm wide, and 25nm thick with a gap between
the arms of 20 to 80nm with a resonant dipole mode at around 850 nm [85]. An SEM

image of the nanoantennas is shown in figure 4.11(a).

Two-dimensional SMM maps were made of the transmitted intensity 77 as well as the 1f
and 2f components of the spatial modulation intensity, respectively denoted as AT} and
ATy [53]. For the intensity graph, the normalisation method described in the previous
section was used. That is, an average line frame in absence of antennas (denoted as
(T')) was subtracted to remove a constant variation in pixel illumination. Figure 4.11(b)
shows typical cross-sections through a single antenna selected from a larger image shown
in Fig. 4.11. The signals can be fitted to a Gaussian beam profile for AT and its first
and second derivatives for AT ¢ and ATy, as expected from theory [53]. The fits yield a
full-width-at-half-maximum of 0.8 £ 0.1 gm. This is larger than the diffraction limit due
to aberrations in the imaging system. The depth of focus of the SMM signals follows

the divergence of the Gaussian beam and results in a decay over ~ 1.5 um. The absence
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Figure 4.10: a) SEM images of nanoantennnas, with close up of single antenna.
(b) Experimental data for a single antenna for a) intensity 77 — (T"), and SMM
profiles at b) first (AT¢) and c¢) second harmonic (AT5¢) of the modulation
frequency, together with fits (lines) to the derivatives of a Gaussian beam profile
of 0.8 £0.01 pm width.

of an out-of-focus background signal is of potential use in imaging of three-dimensional

specimens.

Figure 4.11 shows the SMM image obtained for a 20 x 25 um? area containing nanoan-
tennas. Fach line was averaged over 4 frames, resulting in a total acquisition time of
2 seconds. This is an improvement in collection time by more than two orders of mag-
nitude compared to conventional point-scanning SMM [53]. Only a central 120-pixel
part of the 256-pixel array in the y-direction is displayed containing the antenna array.
Horizontal cross-sections through a row of antennas (indicated by arrows) are shown
in Fig. 4.11(b), where the 1f and 2f components have been normalised to the average

intensity (T') to obtain the relative spatially modulated transmission.

The noise level was calculated by subtracting a 5 point moving average from the original
traces, which was taken at a horizontal step size of 50 nm. Resulting noise traces are
given by the grey lines in the cross sections of figure 4.11. Average noise levels were
found to be 3 x 107 and 1 x 10~ for the 1f and 2f signals respectively. This noise level
is higher than that expected from the shot-noise limit, due to some residual technical
noise introduced by the laser and imaging system. The signal to noise ratio exceeds
100 for the antennas under study at the 1f frequency, demonstrating the ability of the

system to image individual nanostructures.

For comparison, a darkfield image of the same nanoantennas is shown in figure 4.12.

The wavelength used for the darkfield image is 691nm, so that there is no difference in
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Figure 4.11: Spatial modulation microscopy maps of intensity difference from
average (i), first harmonic (ii) and second harmonic components (iii) of the
spatial modulation signal. Line graphs (I-III) are cross sections of the maps

normalized to the average intensity, with (grey lines) noise background after
subtraction of moving average.

the optical properties of the nanoantennas as the images are measured on the same part
of the plasmon resonance peak. The darkfield image has a signal to noise ratio of ~ 125
which is higher than the signal to noise ratio that has been achieved with the SMM
fast scanning system. Darkfield microscopy also allows a larger area of the sample to be
viewed at once, as no scanning is required (the SMM system is limited by the travel of
the stage and the number of pixels in the line camera). However, darkfield microscopy
only detects light which has been scattered by the nanoparticles. Darkfield therefore
works well for larger nanoparticles, where scattering dominates the optical response,
such as the 200nm arm length antennas shown here. For smaller nanoparticles however,
absorption becomes more dominant than scattering and therefore it becomes difficult
to detect small nanoparticles (<50nm diameter) using darkfield microscopy. Spatial
modulation microscopy measures the difference between the incident laser beam power

and the transmitted power, so uses both scattered and absorbed light.
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Figure 4.12: A darkfield image of an array of nanoantennas measured at an
illumination wavelength of 691nm, along with a cross section through the line
of antennas indicated by the red arrows.

4.6 Spatial Modulation Microscopy for Cell Imaging

Next, the potential of the line scanning method for the measurement of biological cells,
and in particullar the imaging of gold nanoparticles inside a cellular environment was
investigated. The spatial modulation microscopy method was used to image a sample
of dendritic cells which were incubated with 5ul of gold nanorod solution for 2hrs. The
gold nanorods had an average length of 47nm and average width of 16nm, with an LSPR
in water around 690nm. The intensity, 1f and 2f images are shown in figure 4.13 along
with a cross section of each image. The 1f and 2f components give the first and second
derivatives of the cell, which results in an enhancement of edges and point-like objects.
A nanoparticle aggregate that has been engulfed by the cell can be seen using the SMM
system, however it is unlikely that single nanoparticles of the size used in this experiment
would be able to be detected against the cellular background. The expected SMM signal
from individual nanorods is around 10~ [106] which is much smaller than the cellular

background signals measured here, which is of order 1072 to 1071,

In comparison to the resolution achieved with darkfield microscopy in this project, the
SMM method is not as effective for cellular imaging as the dark field imaging. In

particular, the SMM system is less suited to live cell imaging as the time needed to take
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Figure 4.13: i - Intensity, ii - 1f and iii - 2f SMM images of dendritic cells along
with a cross section.

an image is approximately 1 sec. For live cell imaging, it is desirable to have as short an
exposure time as possible. Darkfield images of cells incubated with nanoparticles can be
easily taken in 0.1 sec so darkfield microscopy may be more suited to live cell imaging
or tracking movement of nanoparticles in any applications where they may be moving
quickly. However, SMM may have other benefits for cellular imaging, such as the access
to higher-order spatial derivatives of structures, and the potential for three-dimensional
optical sectioning due to the absence of out-of-focus contributions. These aspects go

beyond the current investigation and will have to be addressed in future studies.

In the results shown in this chapter, the quality of the line images is limited by the
quality of the line focus used to illuminate the sample. The quality of the line focus was
limited by the quality of the spot from the diode laser and the cylindrical lens used. The
line focus tended to be much brighter in the middle and also contained fringes. However,

this is not a fundamental limitation of the system.

4.7 Conclusions

Spatial modulation is a valuable technique for detection and spectroscopy of metallic
nanoparticles. In this project, a point scanning version of SMM was first set up which
collected image data pixel by pixel and scanned over an area of pixels with a piezo stage.
A lock-in detector was used to recover the signal and discard any noise which was not
varying at the same frequency as the modulation frequency. The main disadvantage
of the point scanning method was that the image aquisition time was extremely long,

taking over an hour to image an area on the sample of 20x20 wm. In order to improve the
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image aquisition time, a faster, line scanning method was developed which decreases the
aquisition time to 1-2 secs per image. The line scanning spatial modulation microscopy
technique demonstrated in this chapter enables simultaneous imaging/measurement of
multiple nanoparticles, for example an array of nanoantennas. The signal to noise ratio
of 100 acheived by using the 1f modulation signal shows that the sensitivity of the system

is good enough to easily resolve nanoantennas of 400 nm total length by 100 nm width.

The sensitivity of the SMM signal to small variations in optical density may prove to be a
viable alternative to phase-sensitive imaging under conditions where phase information
is distorted, e.g. for very thick samples. This application may be further enhanced
by the availability of a higher order derivative image, and the absence of out-of-focus
glare. Key aspects of SMM are retained by the setup while improving the acquisition
time by several orders of magnitude, therefore opening up new applications requiring
simultaneous imaging and measurement of multiple nanoparticles e.g. in microfuidic

environments.

The advantage of the spatial modulation technique over a technique such as darkfield
microscopy which detects only the light which has been scattered back from the particles
is that spatial modulation detects the difference in transmitted light caused by scattered
and absorbed light, which enables detection of smaller particles that would be difficult
to detect using darkfield microscopy due to the rapid decrease of scattering ability with

size of plasmonic nanoparticles.

However, the area covered by each image is still relatively small (a larger area could
be covered but the time to measure each image would increase). The nanoparticles are
also harder to detect and identify on the cellular background. Darkfield microscopy has
therefore been found to be preferable to spatial modulation microscopy for the purpose

of live cell imaging in this project.

Overall, the fast scanning spatial modulation method is a useful characterisation tool for
detection and spectroscopy of metallic nanoparticles, in particular this system is useful
for imaging and characterising multiple nanoparticles at once, for example an array of

nanoantennas or colloidal nanoparticles that have been deposited on a glass slide.






Chapter 5

Conclusions

5.1 Summary

In this thesis, results have been presented on the development of several new imaging
techniques for the detection of nanoparticles in biological cells. There have been three
main areas of focus in the project. Firstly the development of nanoparticle spectroscopy
using the hyperspectral darkfield system; secondly, detection of nanoparticles in cells
using this technique; and thirdly, development of a fast spatial modulation microscopy

for capturing images of nanoparticles on a substrate or in cells.

In particular, these systems have been developed for the purpose of detecting nanopar-
ticles present in cells. The reasons for focusing on this aspect of imaging is because
metallic nanoparticles are currently being developed for many different biomedical ap-
plications so there is a need for ways of detecting their presence inside cells. Current
methods for detecting the presence and location of nanoparticles inside cells have many
disadvantages. The main methods of detecting the presence of nanoparticles inside cells
currently are to use transmission electron microscopy (TEM) to look at thin sections
of cells or to label the nanoparticles with a fluorescent tag or to use quantum dots as
nanoparticles which can be detected due to emitted light. The disadvantages of (TEM)
are that it is time consuming and expensive. The disadvantages of fluorescence are
toxicity and photobleaching and the disadvantages of using quantum dots are toxicity
and blinking. The toxicity of metallic nanoparticles is still being investigated and is
likely to depend on the size of the nanoparticle as well as the material it is made from.
However, it is very likely that metal nanoparticles produced from inert metals such as
gold are less toxic than quantum dots of similar sizes made from materials that are
inherently very toxic such as cadmium compounds. Fluorescent tags are often attached
to metallic nanoparticles in order to track them in a cell. This is likely to increase the
toxicity compared to metal nanoparticles which have not been labeled with fluorescent

dyes. Since metallic nanoparticles have such inherently strong optical properties, they

89



90 Chapter 5 Conclusions

may be used as detectable labels in their own right, without the need to increase their
toxicity by adding fluorescent dyes. There are clearly some applications for which meth-
ods such as TEM or the use of quantum dots or fluorescence have advantages over the
imaging methods that have been developed in this project. For example, in order to see
how nanoparticles interact with a particular organelle within a cell, TEM has a much
higher resolution than other microscopy methods, and can clearly resolve the different

organelles inside a cell.

There is no single imaging method which is ideal for all applications, rather, an imag-
ing toolkit must be developed, of which darkfield microscopy and spatial modulation

microscopy are valuble parts.

The hyperspectral darkfield method was developed from an earlier system that was first
developed for measuring extinction spectra of bulk solutions of nanoparticles using an
acousto-optic tuneable filter and a supercontinuum light source. The measured spectra
were found to be in good agreement with bulk extinction spectra measured with a UV-
Vis spectrometer. The method of using the combination of supercontinuum source and
AOTF was then further developed into a system for measuring single particle spectra
in a darkfield setup. The single particle spectra were measured by collecting a series of
images at different wavelengths and then building up spectra of the individual particles
from the series of images. Therefore it was possible to measure spectra for each particle

in the image simultaneously.

The hyperspectral darkfield imaging system relies on detecting light that has been scat-
tered by the nanoparticles. Since scattering rapidly decreases with particle size this
means that this system is most useful for imaging larger nanoparticles such as hollow
gold particles which can be detected individually and individual spectra can be mea-
sured using the darkfield system. In this project the darkfield microscope has been
tuned to detect nanoparticles with an LSPR in the near infrared part of the spectrum.
This wavelength range is the most important for biological applications, as transmission
of light through biological tissue is highest in the near infrared. An advantage of the
hyperspectral darkfield system used in this project in comparison with other available
systems is that it does not illuminate the sample with high power white light but with
one wavelength at a time at low power (less than 0.1mW was used to illuminate an area
of 150pm in diameter). Thus, this system is ideal for imaging biological samples where
high power irradiation of the sample may cause damage, for example when imaging live

cells.

Spectra of lithographically produced nanoantennas were measured and the transverse

and longitudinal LSPR peaks were seen at orthogonal polarisations.

Spectra of individual colloidal gold nanorods were measured and compared with theoret-
ical spectra. The measured spectra were found to be in good agreement with theoretical

spectra produced by M. Abb using the finite element method. Spectra of colloidal hollow
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gold nanospheres were also measured and correlated with transmission electron micro-
scope images of the same particles and particle clusters. The spectra were also compared
to theoretical spectra produced by the finite element method and found to be in good

agreement.

The hyperspectral imaging system was also used to measure the spectra of clusters
of silver nanocubes on a silicon substrate. Spectra were measured for two different
polarisation angles and a polarisation study was also undertaken. The measured spectra
and polarisation dependence were directly correlated with SEM images of the same
clusters. At this stage, no detailed comparison with theoretical calculations is available,
due to the complex geometry of the high-refractive index substrate. Ultimately, these
measurements will be useful for understanding ongoing experiments by O. Rabin and

co-workers on surface-enhanced Raman scattering by silver nanocubes.

In addition to measuring spectra of single nanoparticles, the hyperspectral imaging sys-
tem has also been used for imaging nanoparticles in the cellular environment. Since metal
nanoparticles scatter light strongly they can be seen in darkfield illumination even on a
cellular background as has been demonstrated with a study of dendritic cells that were
incubated with different concentrations of colloidal nanorods for different amounts of
time. The batch of cells incubated with the highest concentration of nanoparticles for
the longest amount of time (40ul of OD 2.5 nanorod solution for 2hrs) was found to show
the highest darkfield signal at the LSPR resonance wavelength of the nanorods. The
signal was significantly lower off resonance, and for cells not incubated with nanorods,
showing that the scattered light was due to the nanorods rather than to another source
such as the cell itself. An increase in signal was also seen for cells that were incubated

with nanorods for a longer time, suggesting uptake of the nanoparticles by the cells.

In order to gain more information about the exact location of nanoparticles in com-
parison to cells and therefore see if nanoparticles were inside or outside cells, a system
for producing 3D images was developed. Images were taken at a series of different z
positions using a piezo stage and then stacked to form a 3D image. Nanoparticles could

be localised in the z direction to within 2um using this method.

The hyperspectral darkfield system was also used to measure spectra of individual bright
spots, a few pixels in area on darkfield images of cells, in order to determine whether
these individual bright spots were due to light scattered from nanoparticles. Studies
of 1929 (fibroblast) cells incubated with nanorods and SHSY-5Y (neuroblastoma) cells
incubated with hollow gold nanoparticles were performed and in both cases it was pos-
sible to distinguish between the darkfield signal due to nanoparticles and that due to
light scattered by the cells since the spectra of the light scattered from the nanoparticles
showed LSPR peaks not present in the spectra of light scattered from the cell.

Real time darkfield imaging also holds potential as a useful tool for characterising

nanoparticles in the cellular environment as it could enable nanoparticle uptake to be
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studied in real time. Although a full study of nanoparticle uptake was outside of the
scope of this project, real time imaging of live cells incubated with nanoparticles and of

nanoaparticles in solution was sucessfully demonstrated.

In addition to darkfield microscopy, a further method for imaging nanoparticles was
also investigated in this project in the form of spatial modulation microscopy (SMM).
The principle of SMM is that the laser beam incident on a nanoparticles is spatially
modulated at a known frequency. Therefore noise which is not at the same frequency as
the signal can be discarded giving a high signal to noise ratio. SMM was first set up as a
point scanning method where the images were recorded a pixel at a time. A high signal
to noise ratio was achieved using this method but the capture time was extremely long,
taking over an hour to acquire an image covering an area of 20x20um on the sample.
The point scanning method was used to image lithographic nanoantennas and dendritic

cells that had been incubated with gold nanorods.

The SMM image capture time was improved by using a line scanning system that
acaquired a line of pixels simultaneously. The image capture time with the line scanning
method was decreased by two orders of magnitude to 1 to 2 seconds for a 1500x256
pixel image with a noise level of 10~* for the 1f images. The line scanning method was
also used to image an array of lithographic nanoantennas and dendritic cells incubated
with gold nanorods. Unlike darkfield, SMM effectively measures light absorbed by the
nanoparticle as well as scattered light which enables it to be used to image much smaller

nanoparticles.

5.2 Future Work

Both of the imaging systems used in this project have the potential to be developed
further. Since the hyperspectral darkfield system is suited to imaging of nanoparticles
in live cells, it would be interesting to use this system to study nanoparticle uptake
and other biological processes in real time. Fluorescence imaging may be used along
with darkfield microscopy to stain particular organelles which would help to see how the
nanoparticles are interacting with the cells. A possible study which would be of interest
and follows on from the work done in this project on SHSY-5Y cells would be to use
the hyperspectral darkfield system to look at axonal transport in neurons, since it is
of interest in regards to cytotoxicity to know whether nanoparticles can be transported

along neurons if they enter the nervous system.

Another improvement that could be made to the hyperspectral darkfield would be to
automate the scanning of the piezo stage to perform fast 3D imaging, this could then
potentially be used for 3D imaging of live cells. The focus optimisation for different
wavelengths could also be automated when performing the wavelength scan, which would

speed up the time required to perform a wavelength scan enabling collection of spectra for
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live cell samples in addition to fixed cell samples. A decrease in time taken to perform
spectral measurements is of interest since, if spectra could be measured very quickly
then changes in the dielectric environment of nanoparticles in cells could be measured,
giving information about cellular processes such as whether or not nanoparticles are

aggregating in a cell.

Examples of possible future work for the spatial modulation microscopy system would
be to achieve superresolution imaging with this technique through the use of image pro-
cessing techniques. In addition, to implement a system where modulation information is
aquired for both the x and y dimensions of each image. Spatial modulation microscopy
also has great potential for use in imaging of biological cells, including live cells, partic-
ularly now that fast imaging is possible. There is also potential to implement 3D cell
imaging with spatial modulation microscopy, which would be of particular interest if
superresolution was achieved using this technique. 3D imaging is particularly suited to
SMM as the out of focus light in the 1f and 2f images is reduced since the images have

effectively been differentiated already, without the need for further image processing.

Both hyperspectral darkfield and spatial modulation microscopy have potential for fur-
ther developments to further improve their usefulness and applicability, which will enable
them to continue to be valuable techniques for nanoparticle characterisation in non bi-

ological as well as biological applications.
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