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FOUR-WAVE MIXING HETERODYNE
INTERFEROMETRIC IMAGING OF GOLD
NANOPARTICLES IN CELLS

Doctorate Thesis

PANAGIOTA GIANNAKOPOULOU

ABSTRACT

Gold nanoparticles (NPs) are widely utilised for bio-imaging applications owing to
their facile synthesis, ease of surface functionalisation and bio-conjugation, as well
as bio-compatibility. However, when embedded in highly heterogeneous and fluo-
rescing environments such as biological cells and tissues, these NPs have to be large
(typically >50 nm diameter) to be distinguished optically against backgrounds via
their linear absorption and scattering at the surface plasmon resonance (SPR). As a
result, cell imaging protocols often adopt the use of fluorophore tags attached onto
the NP, and assume that the fluorophore is a reliable reporter. These constructs are
routinely used in correlative microscopy techniques such as Correlative Light Elec-
tron microscopy (CLEM) and presume that the fluorophore colocalises well with the
electron dense NP. In this thesis, I present the application of our recently developed
four-wave-mixing (FWM) imaging modality to investigate the spatial correlation be-
tween a gold NP and a fluorescently labeled biomolecule attached onto it on a variety
of gold NPs-fluorophore conjugate constructs inside biological cells. Owing to the
specific nature of the FWM process, which is a non-linear light matter interaction
with the free-electron gas in the gold metal, I was able to detect single gold NPs
down to 10 nm diameter background-free and with high 3D spatial resolution even
in highly heterogeneous and fluorescing cellular environments. The FWM signal
from gold was spatially correlated with the fluorescence signal of the fluorophore at-
tached onto the biomolecule of the construct. Surprisingly, even covalently attached
conjugate constructs exhibited low colocalization highlighting the limitations of flu-
orescence tagging as a means to address fundamental questions about intracellular
pathways of high biological interest. This study opens new prospects to the use of
FWM microscopy for imaging small gold NPs potentially even in live cells and to

the understanding of the cellular uptake of bio-conjugated gold NPs.

Keywords: Gold nanoparticles, four-wave mixing, nonlinear microscopy,

correlative microscopy.
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INTRODUCTION

The application of nanotechnology' in biomedical sciences has vastly changed the
landscape of drug delivery methods as well as broadening the horizons of bioimaging
techniques over recent years. Metallic nanoparticles (NPs), and in particular the
gold NPs, are amongst the most promising nanomaterials in nanomedicine. In 1971,
W.P. Faulk and G.M.Taylor published —possibly— the first biomedical application
of metal nanoparticles as they described a technique to conjugate antibodies with
colloidal gold for imaging of Salmonella surface antigens via electron microscopy
[2]. Since then, there have been tremendous research advances dealing with the
applications of functionalised (or not) gold NPs in nanomedicine? [3], [4], [5], [6],
[7], biochemistry [8], [9], and bioimaging [10], [11], [12], [13].

Unlike other nanostructures, such as quantum dots, carbon nanotubes or poly-
meric NPs, gold nanoparticles (AuNPs) exhibit unique optical properties derived
from the localised surface plasmon resonance (LSPR). This resonance originates
from the collective oscillation of the conduction band electrons and for spherical
AuNPs lies in the visible region of the spectrum and can be easily tuned by their
shape and size® [14], [15]. As a result, AuNPs exhibit strong optical absorption
and scattering cross-sections at the LSPR which render them capable platforms for

optical labeling and therapeutic agents in biomedical applications [16], [9], [17] [6],

!The term of nanotechnology includes the Greek word nanos —meaning dwarf- and refers to
“the engineering and manufacturing of materials at the atomics and molecular scale”[1].

2referring mainly to photothermal and gene therapy research fields.

3LSPR is also a function of the surrounding’s dielectric function, which for this sentence is
considered constant.



Chapter 1

[7], [5], [18], [19], [13].

AuNPs are ideal optical labels and attractive ‘vehicles’ in cellular environments
for delivery applications as they are proven to be chemically inert and low-toxic,
hence biocompatible. They can be easily fabricated in a wide range of sizes (usu-
ally 1-120 nm) and shapes (spherical, rods, nanoshells etc.) in a controlled and
reproducible way [20], [21], [22], [23]. There are numerous ways to synthesize gold
NPs with the most known to be the citrate reduction method firstly introduced in
1951 by Turkevich et al. [24], [25]. In addition to their facile synthesis, AuNPs
can be functionalised with a variety of molecules, such as ligands, biomolecules, sur-
factants, polymers etc. [17]. Figure 1.1, reproduced by the review article of Rana
et al. [5], illustrates the most commonly employed surface functionalisation prac-
tices depending on the intended delivery application. A common way of attaching
oligonucleotides, peptides and PEGs (polyethylene glycol) on the NP’s surface is
with the aid of thiolates using the strong Au-S bond. For a detailed review on func-
tionalisation methods of NPs, which is out of the scope of this work, one can refer
to Ref. [5], [7], [6].

Monolayer coated i T Biomolecule coated
Drugs

Protein

Protein W‘\
O, \,\Q\
Targeted delivery ¥ ;t%v\ ¥ Carbohydrate

WO

Figure 1.1: Schematic presentation of the two AuNP surface structures commonly
employed in delivery applications.[FIGURE AND CAPTION REPRODUCED WITH PERMISSION
FROM REF. [5]]

Bioimaging is generally dominated by fluorescence-based techniques which re-
quire the labeling of cellular structures with fluorescent molecules. However, the
use of organic fluorophores suffer from a number of drawbacks including photo-
bleaching, photoblinking, non-specific binding and in many cases perturbation of
the biological system as well as phototoxicity. Up to date there is a wide range
of fluorescence techniques (far-field and near-field) which can achieve high chemical
specificity and sensitivity at single molecule level. Some of those are: confocal mi-

croscopy with/without stimulated emission depletion (STED) [26], [27], stochastic
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optical reconstruction microscopy (STORM) [28], photoactivated localisation mi-
croscopy (PALM) [29], and in the case of near-field fluorescence techniques [30],
total internal reflection fluorescence microscopy (TIRF) [31]. Despite the high spa-
tial resolution and/or single molecule localisation achievements of the mentioned
techniques which can reach the order of tens of nm, they are eventually limited by

the inherent nature of the fluorescence itself.

On the contrary AuNPs —and metallic NPs in general- own superior photostabil-
ity and their LSPR can be further exploited to image with high spatial resolution and
probe the region around the NP’s vicinity, via the so-called local field enhancement
effect. Thus, they are among the most promising non-fluorescent optical imaging
agents. Both linear and nonlinear microscopy techniques have been developed for
the imaging of AuNPs in cellular environments over the past years. As mentioned
earlier, in the linear regime the LSPR results in strong optical properties, absorption
and scattering, of metallic NPs. In fact, the extinction coefficients are 5-6 orders
of magnitude larger than those of organic dyes [17], [19], [32]. For large AuNPs
(diameter > 40 nm ) the scattering process dominates over absorption. Conversely,
absorption dominates over scattering for AuNPs with diameter below 20 nm [19].
This difference is crucial to the type of optical microscopy associated with the choice
of size and type of metallic NPs used for bio-imaging. Among the most straight-
forward light scattering imaging methods is darkfield (DF) which simply detects
light scattered by the object of interest against a dark background, owing to the
use of a high-angle illumination which cannot enter the collection optics unless it
is scattered [33], [34]. The research group of El-Sayed et al. has shown imaging of
gold NPs in cancer cells via dark-field microscopy [13] even in living cells [35]. How-
ever, in order to achieve image selectivity to AulNPs, elaborated cleaning methods
of the sample are required to avoid background from additional scattering since any
refractive index heterogeneity (e.g. debris) causes scattering. In addition to having
strong scattering properties, AuNPs are capable of converting the absorbed light
(near UV to NIR) to heat via non radiative processes [14]. This property is the
central idea of photothermal interference contrast (PIC) microscopy and extensively
of photothermal therapy [36], [37]. PIC is actually a variation of the differential in-
terference contrast (DIC) method where the temperature increase of the NP and its
surrounding upon illumination leads to a modification of the local refractive index
around the NP which is then probed by an off-resonant laser beam [38], [39], [40].
Although this technique is sensitive and capable of detecting AuNPs down to 5 nm
diameter, it lacks selectivity also as it is challenging to discriminate cellular back-
ground provoked by endogenous absorption (for example in mitochondria, Figure
1.2) even in the absence of AuNPs [41], [42].
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Figure 1.2: Example of label-free optical imaging of mitochondria in live
cells via a photothermal technique called (Light Induced Scattering Around a
NanoAbsorber) LISNA [39], as demonstrated in Lasne et al. [41].

(a). Fluorescence (Mitotracker Deep Red) and (b) LISNA images of COS-7 cells. The scale
bar represents 10 pm. FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF.
[41].

Alternatively to the methods mentioned above, and with the aim to develop
a background-free imaging modality, the strong intrinsic nonlinear optical (NLO)
signals of AuNPs alongside the recent developments in NLO microscopy, provide
an attractive tool for imaging these non-fluorescent nanoparticles, based on their
intrinsic nonlinearity, without the need to add a fluorophore tag, with inherent 3D
spatial resolution and high optical contrast in biological samples [43]. Multipho-
ton microscopy techniques capable to image non-fluorescent AuNPs include second
harmonic generation (SHG), third harmonic generation (THG), four-wave mixing
(FWM) and pump-probe techniques which exploit the higher orders nonlinearities
imposed to a medium by high-intensity light sources such as lasers. Extensive re-
search has been conducted over the last decade in NLO response of various gold
NPs both outside and inside of biological environments with most of the references
to be included in the recent reviews of E.C. Dreaden et al. [16] and E. Boisselier et

al. [17] for further reading.

In this thesis, a novel phase-sensitive degenerate FWM microscopy technique in
heterodyne detection, built in-house (including acquisition and data analysis soft-
ware) at Cardiff School of Biosciences [44], [45], [46], has been used to image func-
tionalised AuNPs with various diameter sizes (from 10 nm to 40 nm) internalised
in cells background-free. In recent years, FWM microscopy, a coherent third-order
optical imaging technique, has opened new prospects as a tool for the non-invasive
investigation and further analysis of several biological procedures. As a general
microscopy implementation, FWM imaging has naturally evolved from the coher-
ent anti-stokes Raman scattering (CARS) microscopy; however, it is by no means
limited to the measurement of vibrational modes. The FWM signal is in principle

sensitive to both electronic and vibrational properties of the material. Although,
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FWM imaging does not offer the high resolution of an electron microscope, it can
achieve a spatial resolution of beyond one photon diffraction, less than 200 nm, at
power levels that cannot harm the biological functions of the specimens. Notably,
the FWM technique developed in our laboratory is triply resonant to the LSPR, and
operates at power levels (10 — 100 pW) typically one to two orders of magnitude
lower than CARS, SHG or THG techniques.

Driven by the recent achievements of our collaborators [47], where fluorescently
labelled AuNPs conjugated to membrane specific ligands were utilised as plat-
forms to regulate site specific tracking of components to subcellular organelles (i.e.
lysosomes), in this thesis I studied similar nanostructures via correlative FWM-

fluorescence imaging.

In recent years, fluorescently labelled NPs are routinely employed as reliable tools
for drug delivery and intracellular imaging studies and are also extensively used
in correlative microscopy methods such as Correlative Light Electron Microscopy
(CLEM) where it is presumed that the fluorescent label is colocalised with the
electron dense gold core. Only recently, a scientific report by Miles et al. [48]
demonstrated lack of colocalisation between fluorescent labels and the AuNPs for a
commercially available product (i.e. streptavidin labelled with Alexa 633 attached
onto 10 nm diameter gold NPs). To do do, they combined single molecule fluores-
cence microscopy with optical detection of the scattering from the 10 nm AuNPs on
an interferometric cross-polarisarion microscope (ICPM) [49], [50]. Far from being
a trivial question, there are many reasons for a fluorophore label to fail to colocalise
with a gold NP, ranging from physical instability of the nanoparticle-fluorophore
construct, through to the fact that several studies indicate quenching of the fluo-

rophore when it resides in close proximity to the metallic NP [51], [52], [53].

In this work, the aim is to shed new light to the degree of spatial colocalisation
between AuNPs located by FWM imaging and the position of fluorescently labelled
bio-molecules attached onto the NPs, based on their fluorescence signal. We present
a detailed study of correlative FWM-fluorescence imaging of a variety of AuNPs (40
nm, 15 nm and 10 nm diameter) fluorescently labelled bio-conjugated constructs
internalized in cells using four different strategies, inspired by examples and com-
mon practice in the literature. Three types of the constructs entered cervical cancer
cells (HeLa type) via clathrin-mediated endocytosis using the ligand transferrin (Tf)
which was fluorescently labelled, while one construct contained a fluorescently la-
belled antibody which entered 3T3-L1 type of cells via unspecific uptake. All cells
were imaged fixed at different time points following cell entry and the preparation

protocols and results of each sample-category are discussed separately.
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Thesis Outline
This thesis is organised as follows:

Chapter 2 provides theoretical background concepts regarding the linear and
nonlinear interaction of gold NPs with light which are necessary for the description
of the FWM technique, and the discussion of the results obtained during this re-
search study. The experimental set-ups and the analysis’ rationale used in this work
are described in Chapter 3 along with some standard sample preparation methods
used across this work. Chapter 4 encompasses the core results on correlative FWM
and confocal fluorescence imaging measurements of various bio-conjugated AuNPs
in fixed cancer cells and is divided in sub-chapters where each sample/construct
is analysed separately. In addition, Chapter 5 demonstrates FWM imaging and
tracking of a freely rotating single AuNP in an agarose gel network alongside a pri-
mary study of its axial diffusion, as a proof of principle investigation of single particle
tracking analysis via FWM. Finally, Chapter 6 summarises the main findings of

this thesis and provides an outlook for future applications.



BACKGROUND CONCEPTS

This chapters aims at providing an introduction to the physical concepts needed to
understand the optical properties of AuNPs. Discussed are firstly the linear optical
response of AuNPs and secondly the concepts on nonlinear optics and the principles

of the resonant four-wave mixing microscopy technique mainly used in this work.

2.1 Linear optical properties of AuNPs

Noble metallic NPs have fascinated men since antiquity who had observed the unique
colour of gold when used in microscopic dimensions and had exploited this property
in a number of artistic endeavors. Possibly, one of the first examples of artistic
implementation of the optical properties of nano-sized metallic NPs, is the Roman
Lycurgus Cup dated back to 4™ century AD depicting the legend of King Lycur-
gus. The cup is vastly known for the different colour that shows depending on the
direction of illuminating light; an effect attributed to glass staining methods with
a mixture of colloidal gold and silver NPs resulting in the dichroic effect shown in
Figure 2.1 [54].

Since then, tremendous advances have been carried out around the understanding
and the applications of the optical properties of metallic NPs and particularly gold
NPs. A systematic scientific approach in this field is firstly accredited to M. Faraday
in 1857, however the full mathematical description was later given by G. Mie in 1908

who solved the Maxwell’s equations with the appropriate boundary conditions for
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Figure 2.1: The Lycurgus Cup contains tiny portions of gold and silver NPs of about 50
nm diameter size and therefore exhibits dichroism. On the left the cup is shown in reflected
light and on the right in transmitted. It is displayed at the Department of Prehistory and
Europe in the British Museum of London. [55]

nanospheres and established the Mie theory.
This section reviews the foundations of the linear optical properties of spherical
AuNPs and is based on the following references [56], [57],[14], [58], [59].

2.1.1 Optical cross-sections

In general, the linear optical interaction with NPs can be described by their absorp-
tion and scattering cross-sections which depend on the nano-object’s morphology
(size and shape), its material’s composition as well as on the surrounding medium.

Let’s start by considering the simplest illumination scheme where we have a nano-
sphere (in our case will always be composed by gold) embedded in a homogeneous
medium illuminated by a plane light wave. What we expect to happen is a portion
of the illuminating energy to be re-radiated (scattering) and another part to be
transformed to another energy source, for example heat (absorption) resulting in the
total extinction of the illuminated light to be the sum of scattering and absorption.

In order to mathematically describe and solve the problem of scattering and
absorption of light by NPs, one needs to solve Maxwell’s equation taking into account
the boundary conditions of the problem. This was firstly shown by G. Mie (1908)
for spherical particles — Mie theory — and has found wide applicability in explaining
experimental results due to its simplicity till nowadays. In addition, Gans theory [60]
(1912) expands to describing the optical response of spheroidal NPs; like nanorods
in the dipole approximation (i.e. much smaller than the wavelength of light) [61],

whilst a popular computational modeling alternative technique is the discrete dipole
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approximation (DDA) which can provide solutions for particles of arbitrary shape.

The optical cross-sections ! can be derived by Mie theory for a spherical particle
with dielectric function €, and are important quantities for single particle spec-
troscopy and microscopy measurements. They are defined as effective geometrical
areas of light-NP interaction which relate the incident light intensity to the extincted,
scattered and absorbed power and are given by Eq. 2.1.1. [59], [56], [62]

Pext X o Psca X o Pabs
I y Osca = I 3 Oabs =
inc inc

Oext =

(2.1.1)

Iinc

where I;,. is the incident intensity, and Pey; the power loss in the forward direction,
induced by both absorption and scattering. As also mentioned above, the extinction

cross section is the sum of the scattering and absorption ones.

Oabs = Oext — Osca (212)

The general expressions for the scattering and extinction cross-sections from Mie

theory are given by Bohren and Huffman [59] as below

21 &
Osca = 1@2<2n+1){|a“|2+ [baf*} (2.1.3)
2m
Oext — ﬁ%(an + bn) (214)

The factors a, and b, of Eq. 2.1.3 and 2.1.4 are given by [59]

U (M )gn () — mipu (ma), (2)

= " (ma)Co(2) — i (ma)C (2) (2.1.5)
_ maf(ma)n(s) — gulma)y ()
b = g () () — (D) (9) (2.1.6)

where 1, and ¢, are n'* order Ricatti-Bessel functions, » = kR (with R the particle’s
radius and k the wave number of light in the medium) is a size parameter and
m = n/n,, a parameter relating the particle’s refractive index n with the medium’s
refractive index n,,. Notably, the terms of Eq. 2.1.3 and 2.1.4 correspond to dipole
(n = 1), quadrupole (n = 2), hexapole (n = 3) etc contributions.

An exact solution of the optical cross-sections for the case of small spherical

'The term cross section is generally used in physics in order to describe the probability of
particle-particle interactions.
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AuNPs will be discussed after the following section which covers the dielectric func-

tion of metals and especially gold.

2.1.2 The dielectric function of metals

Gold (Au)? belongs to the 11%" group of the periodic table along with other metals
such as copper (Cu) and silver (Ag). The elements of this group have their d-
bands filled while their outer s-bands are under-filled resulting in an sp-hybridised
band which is filled up to the Fermi energy, Er. The electrons in this band can be
treated as a free electron gas relative to the ions of the lattice which act as scattering
centers. One of the simplest realistic models which describes the response of metallic
NPs when exposed to an external electromagentic field is the classical Drude-Lorentz
which was later corrected by Sommerfeld and is known as Drude-Sommerfeld model.

In this classical description we start with an electromagnetic wave with a corre-
sponding electric field E(r,w) that interacts with a metallic NP. The free electron
cloud of the metal will start oscillating and create a polarization P(r,w) which ex-
presses the degree of displacement of the electrons relative to the core lattice. In
turn a depolarising field described by the electric displacement D(r,w) is linked to
the excitation field by the relationship:

D(r,w) = gpe(w)E(r,w) (2.1.7)

where €(w) is the complex dielectric function of the metal and depicts its response
to the electromagnetic excitation and g is the permittivity of free space.

The Drude model determines the dielectric function (w) by solving a damping
oscillator model for a single electron and multiplying the result by the number of

electrons per unit volume [58][14]:

2
ew)=1- m (2.1.8)
where w, = y/n.e?/eom, is the plasma frequency, n. is the electron density, m, is
the effective electron mass accounting for the coupling of the free electrons to the
ion core and 7, is the bulk damping constant. The latter one equals to v, = up/I
where up is the Fermi velocity and [ the mean free path of electrons.
For metallic NPs with a diameter less than the mean free path of their bulk
material the overall conductivity and its dielectric function need to be corrected
and take into account electron-surface scattering which is done by modifying the

the damping constant 7, (a more detailed overview is given in Ref. [14]).

2[Xe] 4/145d1065"
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Overall, this model provides accurate results for infrared frequencies but it fails
in the visible regime as it does not take into consideration interband transitions [62]
(58] [14].

20
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Dielectric constant

-804

-100

Energy (eV)

Figure 2.2: Plot of the real (¢1) and imaginary (e2) dielectric constant for gold as
measured from Ref [63] (blue solid line). The dashed red lines show a fit to the data using
the Drude model (eq. 2.1.8). The insert shows a cartoon of the band structure of gold,
where ep is the energy of the Fermi level, and w;p is the frequency of the gold interband
transitions.[FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF. [14]]

In this case, a frequency dependent extra term £;,(w) has to be added in equation

2.1.8 correcting for the interband transitions.

2

W
— ¢ R 2.1.9
5(w) € b(CL)) + W2+ i ( )

Therefore, for metals the complex dielectric function can be expressed as:
e(w) = e1(w) + iea(w) (2.1.10)

and for non magnetic materials (p = 1) is related to the complex refractive index
via the relation e(w) = 7 = (n + k).

The complex component is related to damping and is significantly increased by
the presence of interband transitions in energies above 2.4 ¢V (around 516 nm) for
gold as shown in the figure’s 2.2 insert [63][14]. In Figure 2.2 which is taken from Ref
[14], plots of the real and imaginary part of the dielectric function of bulk gold are
presented alongside a fit for the low frequencies in order to compare with the Drude

model based on equation 2.1.8. The data which were used for these plots are taken
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from experiments done in the 70’s and specifically by Johnson and Christy in 1972
[63] who measured the dielectric constants of copper, silver and gold as functions of
photon energy.

The dielectric function can also be expressed in terms of electric susceptibilty

via the formula:

e(w) =1+ xa(w) + xin(w) (2.1.11)

where y4(w) stands for the free electron model susceptibility and y;,(w) stands for

the complex interband susceptibility.

2.1.3 Simplifying general Mie theory

Although there are exact solutions given by general Mie theory for the cross-sections
of spherical particles, simpler formulas can be obtained for particles of radius R
much smaller than the wavelength A\ of light they interact with [56],[59]. This

approximation is known as Rayleigh limit and requires:

2TR << A (2.1.12)

In this regime, the NP is treated as an ideal dipole in a uniform external electric
field Eq with an induced dipole moment p = ¢,,aEy. The polarisability « is then
given by [15] [64] [62]

€
o = dregRP—L—"
Ep + 26,

(2.1.13)
also known as Claussius-Mossotti homogenization. In Eq. 2.1.13 ¢, defines the di-
electric function inside the particle and ¢, the dielectric function of the surrounding
medium.

Considering now the external electromagnetic field to be a plane wave, the exact

solutions of the optical cross-sections are presented below [56],[59].

Ep — Em

Oabs = k() = 47?/{;R3%(8p - 25m) (2.1.14)
k! —em |

Osea = == || = 87k RS Sp " Em (2.1.15)
67 Ep + 2ep,

Localised surface plasmon resonance (LSPR)

As can easily be predicted by Eq. 2.1.14 and 2.1.15 maximum extinction occurs
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when their denominator is minimised, i.e. €, = —2¢,,, which is possible for the real
part of the dielectric function of metals. The frequency for which the above rela-
tionship is true, is called localised surface plasmon resonance (LSPR) and dominates
the spectra of noble metallic NPs; such as Au and Ag. Figure 2.3 illustrates the
phenomenon of the collective plasma oscillation of the free electron gas induced by
the external electromagnetic field. A dipole oscillation is formed due to the charge
separation between the free electrons and the ionic lattice as shown. The frequency

for which the oscillation amplitude reaches its maximum is the LSPR [19] [14].

JLE

Figure 2.3: Schematic illustration of the localised surface plasmon resonance (LSPR)
in AuNPs. The conduction band electrons of the metal will collectively oscillate upon
exposure to the external electromagnetic field E and under the restoring force from the
field created by the resulting charge displacement at the NP edges. The amplitude of
the oscillation reaches its maximum at the surface plasmon resonance frequency, which
depends on the NP shape, size and dielectric environment.

The LSPR intensity, position and bandwidth depend strongly on the NP’s ma-
terial, its size and shape as well as the refractive index of the environment[15], [65]
[62], [56]. For R &~ 30 nm spherical gold NPs in aqueous solutions, the LSPR band
appears in the visible region at around 530 nm wavelength.

Figure 2.4 gives a better description on how the size affects the LSPR’s position,
bandwidth and magnitude. Mie theory (Eq. 2.1.14) indicates that the absorption
cross-section is dependent on the particle’s size oc R3. Extended research conducted
over the years has experimentally confirmed this and further shown that there is
a red shift of the resonance peak while the NP’s size increases [66], [15],[67], [32],
[19], [68]. El-Sayed and co-workers have calculated —via full Mie theory— the optical

absorption and scattering cross-sections of AuNPs of various sizes and plotted their
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ratio dependence as shown on Fig. 2.4 [19], [32]. From Fig. 2.4.D it can be observed
that the scattering cross-section increases with increasing particle’s size whilst nearly
vanishes for particles with a diameter below 40 nm. This is specifically shown: for
20 nm AuNP (Fig. 2.4.A) where the extinction is purely dominated by absorption,
for 40 nm AuNP (Fig. 2.4.B) where the extinction is yet nearly all contributed by
absorption and finally for 80 nm AuNP (Fig. 2.4.C) where the scattering contri-
bution has largely increased and both processes are contributing to the extinction.
Notably, the LSPR wavelength is red shifted for these large NPs. It is also worth
mentioning that the spectra are quite asymmetrical with a plateau appearing for

low wavelengths because of the absorption by the interband transitions [64].
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Figure 2.4: Tuning of the relative contribution of surface plasmon absorption and
scattering by changing the particle size. The calculated surface plasmon absorption (red
dashed), scattering (black dotted) and total extinction (green solid) efficiencies of gold
nanoparticles in diameter of (A) 20 nm; (B) 40 nm and (C) 80 nm. (D) The depen-
dence of the ratio of the scattering to absorption cross-sections to on the diameter of gold
nanoparticles. Increase particle sizes lead to increased contribution from Mie scattering.
The calculations are made by using full Mie theory. FIGURE AND CAPTION REPRODUCED
WITH PERMISSION FROM REF. [19]

In addition to the size dependence, the surrounding medium plays also crucial
role to the optical cross-sections (Eq. 2.1.14 and 2.1.15) and hence the spectra of
plasmonic NPs. Comparison of absorption spectra of AuNP of 60 nm diameter
for increasing refractive indexes, varying from air (n = 1) to oil (n = 1.5) can be
found in Ref. [64] showing red shifts of the LSPR wavelength as well as significant

intensity increase. The red shift can be attributed to enlarged charge screening as
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the surrounding material’s refractive index is rising [62]. Effectively, the oscillation
of the free electron gas is expected to slow down given a higher polarised surrounding

medium leading to a red shift of the LSPR position.

Fine tuning of the optical properties of NPs based on shape control has fascinated
scientists for decades, who have used synthetic control mechanisms to create and
control the aspect ratio of elongated NPs, e.g. nanorods (NRs) [69], [23], [70] [71],
132], [72], [73], [74]. Extinction cross-sections for ellipsoidal particles have been
analytically computed by Bohren and Huffman in the quasistatic regime (0gca/Tans X
V/A3 << 1 in this regime and V is the particle volume) [59] [57]. Figure 2.5 shows
the absorption spectra of nominally spherical AuNPs of 80 nm diameter in aqueous
solution along with the one of AuNRs of 25 nm diameter with an aspect ratio
x/y axis of 2.3 (i.e. a long axis of 57.5 nm) also in aqueous environment. For
the later (AuNR), the spectrum is characterised by two bands, as the SPR splits
into a transverse mode, which is perpendicular to the long axis of the AuNR and
corresponds to the short-wavelength band (close to 520 nm), and a longitudinal
mode that is parallel to the long axis of the AuNR and corresponds to the long-
wavelength band [75], [66]. With increasing the aspect ratio, it has been observed
(experimental results can be found among others in Ref. [75]) that the ‘transverse
mode’ band shifts slightly to shorter wavelengths while the ‘longitudinal mode’ band

increases in intensity as well as red-shifts linearly with the rod length [75].
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Figure 2.5: Absorbance spectrum of nominally spherical AuNPs of 80 nm diameter in

aqueous solution (BBI Solutions) shown alongside the one of AuNRs of 25 nm diameter
with an aspect ratio z/y axis of 2.3 (Nanopartz)also in aqueous environment.
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2.2 Elements of nonlinear optics

Metallic nanostructures exhibit also strong optical responses in the nonlinear regime
and are therefore promising systems in the field of biophotonics and especially in
bio-imaging [43], [76]. Examples of nonlinear processes used in microscopy and
spectroscopy techniques include among others, second harmonic generation [77], [78],
[79], third harmonic generation ([80], [81], sum and difference frequency generation
(SFG and DFG), four-wave mixing [82], [83], [84], and Coherent anti-stokes Raman
scattering [85]. This section gives a brief introduction to the field of nonlinear optics,
the nonlinear effects associated with the experiments and the general research field
of this work. For an extensive reading one can refer to the references [86], [87], [88]

and [89].

2.2.1 Introductory concepts

Nonlinear optics is the field that describes phenomena where the polarisation, P, of a
medium responds nonlinearly to an external electric field E. Typically, laser sources
can produce an adequate intensity in order to provoke nonlinear effects. Therefore
these effects were firstly observed -with the discovery of SHG in 1961 by Franken et
al.- after the invention of the first experimental laser by Maiman in 1960. In order
to elucidate these nonlinear effects we shall start from the principles of light matter
interaction. This part is based on [86], [87], [62].

Nonlinear optical phenomena are mostly described with the polarisation P in
terms of the applied field. As mentioned earlier, in the linear regime the polarisation
density P of a dielectric medium equals to P = dp/dV, where dp is the change of
dipole moment within a certain volume element dV in the material. The polarisation
depends linearly on the strength of the applied electric field E ~Fig. 2.7- via the

relationship:

P(t) = eoxVE(t) (2.2.1)

In 2.2.1 x is known as the linear or first order susceptibility.
In the nonlinear regime the polarisation P can be expressed as a power series of
the field as follows:

P(t) = o[xVE#) +xPE () +xOE3 (1) +..] = PO ) +PA () +PP (1) +... (2.2.2)
where P"(t) represents the n-th order polarisation given by ox™E"(¢). In 2.2.2 x®
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Figure 2.6: Nonlinear optical (NLO) modalities employed for the visualization of nano-
materials. Horizontal solid lines represent electronic and vibrational energy levels of
molecules. Dashed lines are virtual states. The straight and wavy arrows are excitation
and output signal beams, respectively. The gray arrows represent relaxation in electron-
ically excited states. w; and wg are excitation beams. wp and ws are pump and Stokes
beams for CARS. (2 is the frequency of vibrational transition between vibrational ground
state and vibrationally excited state. wp and wp, are the pump and probe beams for
pump-probe and photothermal modalities. AT is the temperature change due to exci-
tation. ny; and no are the refractive indices of the material before and after excitation,
respectively. TPEF: Two-photon excited fluorescence. TPL: Two-photon luminescence.
SHG: Second harmonic generation. THG: Third harmonic generation. 3PL: Three-photon
luminescence. CARS: coherent anti-Stokes Raman scattering. FWM: Four-wave mixing.
FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF. [43]
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and x® are known as second and third order nonlinear susceptibility respectively
while the P® (t) and P®(#) as second and third order nonlinear polarisation. In the
case of a linear and isotropic medium, the susceptibility is a scalar quantity while
in anisotropic media becomes a second rank tensor. In general y™ is a n + 1 rank

tensor [86].

(a) (b)

Figure 2.7: The P — E relation for (a) a linear dielectric medium, and (b) a nonlinear
medium

2.2.2 Nonlinear optical signals in microscopy

Among the most popular label-free microscopy techniques are the ones that derive
from nonlinear optical signals such as Second Harmonic Generation, Third Harmonic
Generation, Coherent Anti-stokes Raman Scattering and Four-Wave Mixing (Fig.
2.6). In this subsection a brief description of the mathematical background of some

these techniques is given along with some recent application of those in bioimaging.
Second order nonlinear optics

Second Harmonic Generation (SHG)
SHG is in fact a special case of sum frequency generation (SFG) where photons with
frequency (w) interact with a nonlinear medium and are converted to photons with
twice the energy and thus frequency (2w). This can be mathematically described
by considering an external monochromatic electric field, E(t) = R[E(w)e@!] =

H{E(w)e™" + E*(w)e '} and calculate the second order polarisability given by

P® = o\ PE(t) (2.2.3)
where by substituting
1 : .
E*(t) = Z[EQ(W)ezlwt + 2E(w)E*(w) + E*(w)e ™24t (2.2.4)
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in 2.2.3 we get

1 1 . .
P(2) _ €0X(2)§E(W)E*(w) + EOX(Q)Z[EQ(W)ezwt + E*2(w)e_ZMt] (2‘2‘5)
1 1 :
= 20X [B(w)|* + 2ox S RIEAw)e?] (22.6)
P(0) P(2w)

Application of a high intensity field E(t) of frequency w to a x® material creates a
second harmonic polarisation P(2w) at twice frequency of the incident field and a
steady (dc) component P(0) also known as optical rectification. Importantly SHG
effects arise from noncentrosymmetric structures and have been used to probe inter-
faces, surface defects, as well as for label-free imaging of microtubules or collagens in
cells and tissues [43] [78]. With specific reference to AuNPs, since SHG is forbidden
for a perfect spherical particle much smaller than the wavelength of light, this non-
linearity has been utilized to characterize large particles and/or complex anisotropic

structures [90].
Third order nonlinear optics

Third order nonlinear effects are present also in media possessing centrosymmetry

3 and this nonlinearity has the form of

P® = coxOE3 (1) (2.2.7)

These materials interact with optical fields by generating sum and differences of
triplets of frequencies as well as third harmonics [87]. In this category belong the
THG, FWM and CARS effect which are among the most popular label free imaging

techniques and are vastly used in biomedical research nowadays.

Third Harmonic Generation (THG)
Similar to the SHG principal, THG is a third-order nonlinear process where photons
with energy w interact with the nonlinear medium and produce photons of energy

3w and in accordance with 2.2.5 the third order polarisation P® is given by

P® = cox¥E3(w) (2.2.8)

With reference to AuNPs, THG has been utilised to detect single nominally

spherical AuNPs down to 40 nm diameter in Ref. [80], however it required significant

3these materials are also called Kerr mediums.
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excitation powers ( ~ 70 mW) and pixel integration times (600 ms) rendering this

method unpractical for imaging AuNPs within biological specimens.

2.2.3 The principle behind our FWM technique

This work focuses on the exploitation of an innovative phase-resolved triply res-
onant FWM microscopy technique developed in the Biophotonics and Quantum
Optoelectronics group at Cardiff University for imaging various AuNPs in cellular
environments. It is therefore of great importance to discuss the rationale behind
this third-order nonlinear process. Important concepts are the fact that y® non-
linearities act as a modification of the dielectric function [62] of the material under
investigation and that the scheme used is degenerate with w; = wy = w3 = w, and
tuned very close to the AuNP’s LSPR. This section is based on Ref. [45] where
one can find the full model describing the ultrafast changes of the real and imag-
inary parts of the dielectric function of single spherical AuNPs (15 nm to 40 nm)
via the transient electron and lattice temperature in gold taking into account both
intraband and interband transitions.

In the following description, the pump and probe fields of the experimental set-up
will be noted with E; and E, respectively. Let us start from the induced polarisation
at the particle

P = €0gpEy (2.2.9)

where the polarisability a of a spherical AuNP of radius R in the Rayleigh limit is

given by (as previously discussed in section 2.1.3)

€, — €
a =4dregR32 n

2" Ax R3¢ 2.2.10
Ep + 2ep, e ( )

with the particle dielectric constant ¢,, defining the effective dielectric constant €.
In our experimental configuration*, upon excitation of the NP with the intensity
modulated pump field E; the dielectric function € changes. It is the pump-induced
change of €, denoted as A€ which creates a FWM field Epwy proportional to the
change of polarisation,

Erwnm o< AEE, (2.2.11)

Since the A€ is proportional to the pump’s intensity, Iy = |E1|2 = E,E], the FWM

signal is hence proportional to

4section 3.1.1
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and has the dependence form of a third-order nonlinearity as described previously
in 2.2.8.

A quantitative description based on the modeling of the dielectric function € of
gold ;| described in 2.1.9 is given by Masia et al.[45], where the transient electron
temperature 7T, and lattice temperature 7; are modeled using a two temperature
model [91], [92]. Briefly, the change of € of a AuNP (Eq. 2.1.9) is associated with
the change of the electron relaxation time 7, and the contribution of interband
transitions €;. Since this experiment involves a complex interaction of electrons
and the lattice with the exciting optical fields, it is worth mentioning the ultrafast
dynamics of AuNPs which have been studied extensively and have been found to
evolve in a series of steps [92] [14], [56], [45].

Upon excitation of the NP at the LSPR with the pump pulse (top sketch of Fig.
2.8), a non-equilibrium electron distribution is formed after a rapid (around 10 fs)
energy transfer from the coherently oscillating electrons to single electron excitation.
A subsequent thermalisation via electron-electron scattering (within a few hundred
femtoseconds) of the hot electron gas described by the electron temperature T,
will in turn lead to thermalisation with the lattice in about 1 ps described by the
lattice temperature 7). Finally, the cooling of the lattice through heat diffusion to
the environment comes over hundreds of picoseconds. This behaviour is imprinted
in the FWM dynamics versus pump-probe delay as shown in Fig. 2.8 where the
measured along with the simulated FWM dynamics are plotted.

Importantly, the average temperature increase at the NP’s surface was found to
be only 1.3, 1.9 and 4.7 K for the 15, 20 and 38 nm diameter AuNPs respectively
used in previous experiments which were performed with a pulse train of 76 MHz
repetition rate for which 1 kW /cm? average intensity (equal to an incident average
power of 10 pW over 1pnm? focused area) corresponds to a pulse fluence of 0.13 J/m?
[45].
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Figure 2.8: Transient changes of the real (A€r) and imaginary (A€7) parts of the
dielectric function of a single gold NP resonantly excited and probed at 550 nm for different
NP diameters as indicated. Pump (probe) fluence is 0.60 J/m? (0.11 J/m? ) for the 15 and
20 nm NPs and 0.65 J/m? (0.05 J/2) for the 38 nm particle. Acquisition time per point
is 200 ms. Dashed lines are corresponding calculations, with the green lines neglecting
the heating by interband absorption. Curves are vertically displaced for clarity. The top
sketch illustrates the LSPR excitation by the pump (FE; ) and the subsequent heating and
cooling dynamics monitored by the probe. The inset shows coherent phonon oscillations
for the 38 nm NP. FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF.
45]
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SET-UPS AND METHODS

3.1 The multi-modal imaging set-up: DIC, FWM

and confocal fluorescence microscopy

All samples were imaged on the multi-modal experimental set-up shown during
FWM operation on Figure 3.1. The set-up is composed of an inverted Nikon Ti-
U microscope equipped with a 100 W halogen lamp for wide-field illumination,
a selection of microscope objectives, an oil condenser of 1.34 numerical aperture
(NA) with a removable home-built dark-field illumination of 1.1-1.34 NA; sliders of
polarizers and analyzers inserted into the optical pathway before the condenser and
after the objective, respectively, enabling Differential Interference Contrast (DIC)
microscopy, as well as a choice between 1x and 1.5x tube lens. A xyz piezoelectric
stage, also referred to as nanostage, (Mad City Laboratory model NanoLLP200) is
used to control the sample’s position with nanometric accuracy over 200 pm range.
A consumer Canon EOS 40D color camera (2592 x 3888 pixels of 5.7 m pixel pitch,
and full-well capacity Ng, = 4x10%) is coupled to the left port of the microscope
alongside a scientific-CMOS PCO Edge 5.5 gray scale (b/w) camera water cooled
(2560 x 2160 square pixels of 6.5 pm pitch and a Ng, = 3x10* full-well capacity) for
rapid image acquisition (100 frames per second for full sensor) which is attached at
the eyepiece side port.

Overall, the inverted Nikon Ti-U microscope is capable of Bright field (BF),

Dark field (DF), DIC imaging as well as optical extinction measurements as has
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been shown in recent work of our group [93], [94]. The right port of the microscope

is coupled with the beam path of the FWM set-up described in the following section.

Figure 3.1: Photographs of the microscope body (A) and the multi-modal imaging
technique optical components (B and C) during operation.

3.1.1 Description of the FWM set-up

Phase-sensitive FWM microscopy in heterodyne detection, triply resonant to the
LSPR of gold NPs, able to resolve the ultrafast changes of the real and imagi-

nary part of the dielectric function of single spherical gold NPs has been previously
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shown by our group [45] alongside background-free detection of gold NPs in highly

scattering and fluorescing environments [84].

For the work presented in this thesis, a new generation of FWM microscopy
set-up —also described in [44] [62]- was used comprising epi-collection (reflection)
geometry and a dual-polarisation heterodyne detection scheme. A sketch of the
FWM set-up used in this work is shown in Figure 3.2. Optical pulses of 150 fs
duration and repetition rate vy, = 80 MHz, centered at A = 550 nm are provided
by the signal output of a Newport/Spectra-Physics Inspire optical parametric os-
cillator (OPO), pumped by the frequency-doubled output of a femtosecond MaiTai
Titanium:Sapphire (Ti:Sa) laser. The train of laser pulses is split into three beams
(pump, probe and reference) all having the same center wavelength (550 nm) which
is approximately resonant to the LSPR of spherical AuNPs resulting in a degener-
ate FWM scheme. Initially the beam passes through a /2 plate (A\/2-1 in Figure
3.2) which converts it from being vertically to horizontally polarised with respect
to the lab reference axis. Straight after, the laser beam passes through a prism
pulse compressor which negatively chirps ! the pulses in order to pre-compensate
for the positive chirping due to the various optical components in the beam path.
The reason for rotating the polarisation to being horizontal is in order to minimise
reflections while the beam travels trough the prims compressor (p-polarisation has
zero reflection at the Brewster angle). It is important not to have chirped pulses
on the sample for best time resolution, hence the use of the compressor. It is also
important to ensure that pump and probe pulses have the same chirp in the beam
path so that they can be equally pre-compensated, and be Fourier limited at the
sample. For this purpose, appropriate glass blocks where inserted in the beam path.
Moreover, there are glass blocks added on the beam path of the reference beam in
order to equalize the chirping of the reference with the collected signal outside the
sample for maximum interference. After the pulse compressor, the train of optical
pulses passes through A\/2-2 resulting in 45° polarised light which then enters the
polarising beam splitter (PBS 1) and results in having horizontally (H) polarised
transmitted and vertically (V) polarised reflected beams of equal intensity. The
V polarised beam acts as pump and excites the gold NPs at the LSPR with an
intensity which is temporally modulated by an acousto-optic modulator (AOM, ).
AOM; is driven at the carrier frequency v; = 83 MHz with a square-wave amplitude
modulation of frequency v,, = 0.4 MHz. The change in the NP’s optical proper-
ties is resonantly probed by the probe beam derived from the H-polarised beam

transmitted by PBS1, arriving at an adjustable delay time 7 after the pump pulse.

'The chirp of an optical pulse usually refers to the temporal broadening of the pulse occurring
due to group velocity dispersion.
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The probe optical frequency is also upshifted via a second AOM (AOM,) which is
driven with a constant amplitude at v = 82 MHz. The first order diffraction of the
AOMs are used for both pump and probe pulses which are upshifted by v; and v
respectively. The zero order diffraction of AOMs is used as the frequency-unshifted
reference beam, with field E,.¢, in the heterodyne detection scheme. Pump and probe
beams, cross-linearly polarised, are recombined onto PBS2 and are then reflected
by a non-polarising beamsplitter (BS 80:20 T:R) into a pair of A plates (A/2-4 and
A/4) resulting into circularly polarised beams at the sample plane. The recombined
beams are then reflected by a dichroic beam splitter (DBS) into the right port of the
inverted Nikon Ti-U microscope. Notably, the DBS allows us to couple beams of
different wavelengths into the microscope when performing other experiments such
as CARS (albeit CARS was not performed within the work in this thesis). The sam-
ple is positioned onto the piezoelectric stage and can be moved with respect to the
focal volume of the objective by scanning the sample-nanostage in all three dimen-
sions. For all samples consisting of fixed cells embedded with various bio-conjugated
AuNPs, pump and probe fields called E; and E, respectively are focused onto the
sample by a 100x oil-immersion microscope objective of 1.45 NA in order to achieve
high spatial resolution?. The epi-detected FWM field, Epwy o< E1EJE; is collected
by the same objective alongside the reflected probe field Es.. FWM and reflection
signals travel backwards through the same \/2 and \/4 waveplates, such that upon
reflection through a planar surface the probe returns V polarised with respect to the
lab reference. The reference beam is polarised at 45° by using the \/2-3 waveplate
in order to provide equal reference fields of H and V polarisation. The reference
beam is recombined with the epi-detected signals at the non-polarising beamsplitter
(NPBS). The resulting interference is detected by two pairs of balanced photodiodes,
as detailed below. The dual-polarisation detection of reflected and FWM signal will
be firstly discussed in the following, while the heterodyne detection will be secondly
analysed.

A Wollaston prism is used to separate H and V polarised components for each
arm of the NPBS interferometer. The two pairs of balanced photodiodes shown on
Figure 3.2 enable polarisarion resolved detection with the top (bottom) pair detect-
ing the photo-current difference of the H (V) polarised beams for common-mode
noise rejection. In this way the cross-circularly (-) and co-circularly (4) polarised
components of Epywy and Es,, relative to the incident circularly polarised probe Es
are detected.

We will now discuss the heterodyne detection applied in this scheme after intro-

ducing the general principles of heterodyne interferometry which can also be found

2in some cases the 1.5x tube lens were also used
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in Ref [95].

Let’s first simplify matters by considering the real parts of two electromagnetic
fields, E1(t) and Es(t), with frequencies w; = 27v; and we = 27wy respectively, as
well as real amplitudes a; and ay . The above electric fields can then be represented

as:

E1(t) = a1 cos(wit + ¢1) (3.1.1)
Es(t) = g cos(wat + ¢o) (3.1.2)

The intensity of the resulting interference can be calculated as follows by using
the trigonometric identities of cos A cos B = 1 cos(A—B)+ 3 cos(A+B) and cos? A =
(1 + cos2A).

I(t) = [Ex(t) + Ex(1)]?
= (01/2) + (23/2)
+ (1/2)ad cos[2(wit + ¢1)]
+ (1/2)aj cos[2(wat + ¢o)]
+ o g cos[(wy + wa)t + (1 + ¢2)]
+ ajag cos[(wp — wa)t + (P — ¢9)] (3.1.3)

The output of higher order terms 2w;, 2wy, w; + we from 3.1.3 are rapidly
oscillating and average to zero over the time response of the detector. In our
set-up, these terms would correspond to 2w, 2wyef, ws + wrep, While the remain-
ing detected term is ws; — wyer. The radial frequency ws corresponds to the fre-
quency upshifted signal ws = wyef + Aw, hence the difference detected term is
Ws — Wref = Aw + Wref — Wrer = Aw. Now, this shift Aw can be chosen considering
that we have a pulse train at vy repetition rate, hence the spectrum consists of a
series of modes separated by vi,. We can therefore chose to detect the interference
between signal and reference at appropriate sideband, modulo v;. As a result, for
the reflected probe a signal at vo — vy, = 2 MHz is detected via a multi-channel lock-
in amplifier (Zurich Instruments HF2LI). With the same amplifier, two sidebands
are simultaneously detected at vy £ vy, — v, = 2 £ 0.4 MHz corresponding to the
FWM field, due to the amplitude modulation of the pump at v,, and the frequency
upshift of the probe at vo. The lock-in amplifier provides both the in-phase (R)
and in-quadrature (&) components for each detected frequency, and in turn we are

able to resolve amplitude and phase of both co- and cross-circularly polarised com-
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ponents of Ey, and Epwy indicated in this thesis as A;tr and A%EWM, and, @i and
D

The reference and probe delay stages are the models M403.6 and M403.8 from
Physik Instrumente (PI) GmbH & Co (Karlsruhe, Germany) and they have transla-
tional ranges 150 mm and 200 mm respectively with a minimum incremental motion
0.2 um. In addition, the AOMs used are model ASM-802B67 from IntraAction Corp
(linois, U.S.A).

Four-wave mixing images of the samples under investigation were acquired using
a custom-written software called MultiCARS implemented in LabWindows CVI
(W. Langbein, Cardiff School of Physics and Astronomy) which permits hardware-
software interfacing as well as remote control of the set-up. For the data display of
FWM and reflection images shown in this work the MultiCARS software was used
as well which allows to represent the acquired data as 2D or 3D images, and also

provides some data processing options (for example detector offset subtraction).

3.1.2 Confocal fluorescence implementation

The confocal epi-fluorescence detection was implemented during the last months
of the project and allows us to measure confocal flourescence at the same time as
FWM imaging. In fact, fluorescence is collected via the same objective, is spectrally
separated by a dichroic mirror DBS2 (610-720nm) and travels through a confocal
pinhole of adjustable opening in front of a photomultiplier detector, Epi-PMT of
Figure 3.2, (Hamamatsu H10770A-40) where there is also a bandpass filter (Semrock
FF02-650/100) transmitting in the 600-700 nm wavelength range.

3.1.3 FWDM measurements: Alignment and settings

The alignment of the set-up was performed in several steps using a gold film sam-
ple as our reference sample. Initially, all three beams were aligned with the aid of
several pinholes placed in the beams’ pathways as well as with observation cameras
positioned to image a plane conjugated to the sample (near field) and its Fourier
plane (far field directional space). Importantly, pump and probe beams had to spa-
tially overlap both in direction (far field) and position (near field). The laser power
applied to the sample was controlled by adjusting the amplitude of radio-frequency
wave in the AOMs and was measured before the entrance to the microscope (after
the DBS1 on figure 3.2). The polarization state onto the sample was controlled
via rotation of the pair of A/2-4 and \/4 waveplates in order to achieve minimum
detected cross-polarised signal. The pump-probe delay which yields the strongest
FWM signal is set to 0.5 ps for gold NPs and it is related to time with which the
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Figure 3.2: Four-wave mixing microscopy set-up in heterodyne detection

A full description of the set-up is given in the text. The top inset shows a fixed HeLa
cell incubated with bio-conjugated 15 nm AulNPs imaged on the set-up via DIC imaging
and FWM. Amplitude of the co-polarised reflection field (A3.) and the co-polarised FWM
amplitude (A;WM) indicating the presence of AuNPs are shown alongside their linear grey
scale from m to M.
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hot electron gas reaches its maximum temperature [45] (see also 2.2.3).

Three kinds of measurements were acquired on this setup:

» xy scans, referred as raster scans, indicating a two dimensional transverse to

the objective spatial scan.

o Xxy-z scans, referred as z-stacks, indicating a raster scan acquired in the axial

direction, producing a 3D sample representation.

o xy-7, referred as delay scans, indicating a raster scan over the pump delay

time (7).

An example of the FWM imaging of the reference sample is shown in Figure
3.3 alongside a pump delay scan. Bright field transmission imaging under wide
field illumination aids to bring the Au film in ‘rough’ focus (Figure 3.3 (a)) which
is further optimized by nano movements of the nanostage in order to detect the
maximum reflection signal possible (A3,). Co (+) and cross (-) polarized reflection
(2r) and FWM amplitudes are then measured and the raster scans of Figure 3.3
(c) are produced after data display with the MultiCARS home-built software. The
strength of the reflection and FWM signal is a way of evaluating the quality and
reproducibility of our alignment. Notably, there is a difference of about two orders of
magnitude between reflection and FWM signal amplitude. In addition to the raster
scans, as a further proof of detecting FWM signal, a pump-probe delay dependence
is acquired (Figure 3.3 (b)) and indicates the pump-induced change of the sample’s
polarizability as explained in 2.2.3.

3.2 Commercial microscopes

3.2.1 Wide field epi-fluorescence microscope

The wide-field epi fluorescence images presented in this thesis were acquired on the
inverted Olympus IX73 shown on Figure 3.2.1. The microscope is equipped with
a Prior Proscan 220 light source and a CMOS Hamamatsu Camera (ORCA-flash
4.0 V2) which are controlled via the HCImage software package. The fluorophore
tags used in each sample defined the filter cubes (Chroma) which were chosen for
the image acquisition. Table 3.1 summarizes the filter cube sets used in the exper-
iments. The acquisition time varied per sample and per fluorescence channel and
therefore this parameter is stated on each respective image’s caption. A 100 x 1.4
NA oil immersion objective and 2 x 2 binning readout effect was used on all images

corresponding to a 0.13 pm pixel size (unless stated otherwise).
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Figure 3.3: Example of FWM imaging and pump-probe delay dependence on
the reference sample Au film.

(a) Brightfield image of the Au film, (b) pump-probe delay dependence of the co-polarised
FWM field amplitude acquired from -1 ps to 8 ps with 1 ms dwell time, (c) 20 x 20
nm raster scans with 63 nm lateral pixel size of co (+) and cross (-) polarized reflection
(A3,) and FWM amplitude (A;WM) channels. Pump (probe) power before the microscope

entrance equals to 20 pW (10 pW). A 100x oil-immersion microscope objective of 1.45
NA is used.

Fluorophore excitation wavelength (nm) emission wavelength (nm)

DAPI 350/50 455 /50
GFP 490/20 525/36
A568 555/25 605,/52
A647 645/30 705/72

Table 3.1: The combined excitation and emission Chroma filter-sets of the inverted

Olympus [X73 used in this thesis. For each one the center wavelength alongside its FWHM
is indicated.
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Figure 3.4: The wide field epi-fluorescence Olympus IX73 microscope in Cardiff School
of Biosciences.

3.2.2 Confocal fluorescence microscopes

Two commercially available confocal fluorescence microscopes were used for fluores-

cence imaging of the samples presented in this thesis.

e Leica SP5 - Cardiff School of Pharmacy
Confocal fluorescence images of sections 4.2.2 and 4.3 were acquired on a Leica
SP5 confocal laser-scanning microscope equipped with a 488 nm Ar laser and
a 543/633 nm HeNe laser. A 100x 1.4 NA immersion oil objective was used
alongside a 152 pm confocal pinhole. Images were acquired at 400 Hz line
scan speed, with 3D voxel size of 76 nm x 76 nm x 250 nm. AlexaFluor488
(A488) and AlexaFluor647 (A647) were excited using 488 and 633 nm lasers
respectively. These measurements were performed by Dr. Paul Moody in

Cardiff School of Pharmacy prior to the FWM measurements.

o Zeiss LSM 880 - Cardiff School of Biosciences
A state-of-the art Zeiss LSM 880 upright confocal microscope comprising a

fully-motorised (x, y, z) Zeiss Axio Imager and supporting various imaging
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modalities —in addition to confocal fluorescence, BF and DIC- such as Flu-
orescence correlation spectroscopy (FCS) and Fluorescence-lifetime imaging
microscopy (FLIM) was used for the images shown on section 4.3.2. The 405
nm and 483 nm laser lines were used to excite the DAPI 2 and A488 fluo-
rescence tags alongside the plan apochromat 20x, 0.8 NA air and the plan

apochromat 63x, 1.4 NA oil objectives.

3.3 Data Analysis

3.3.1 FWM Data Analysis

The display of the FWM and the epi-confocal measurements was all made via the
the MultiCARS home-built software, as previously stated. This software enables to
export the displayed images as bitmap files for subsequent image analysis, using for

example the publicly available software ImagelJ.

3.3.2 Correlation analysis

From the beginning of the project a major challenge was the need for a correlation
analysis (a set of analysis steps) of images taken on different microscopes. Even
when using gridded coverslips with marked areas to aid finding the same region
on the sample, confocal and FWM microscopy were performed mostly through non
simultaneous image acquisitions and implied different sample mounting (potentially
with small rotation differences) as well as different lateral and axial resolution, and
z-sectioning. In order to analyze these images for the purpose of determining spatial
correlation, the following steps were performed after the acquisition of the FWM
images and fluorescence images and will be from now on mentioned as correlation
analysis.

Slice Registration
Initially, the StackReg [96] ImageJ plug-in was run on both 3D fluorescence and
FWM datasets consisting of a sequence of 2D images at different z-planes, in order to
rectify misalignments mainly of the z-axis and produce a stack of correctly registered
image slices.

Mazimum intensity z projection
The next step was to produce maximum intensity projections (a volume visualiza-

tion method that projects in a 2D plane the voxels with maximum intensity from the

3DAPI is the scientific abbreviation for 4’,6-diamidino-2-phenylindole and serves as fluorescent
dye which binds strongly to A-T rich regions in DNA. Its absorption/emission wavelengths are
358/461 nm.
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data encountered by a ray cast through the 3D object from the viewer’s eye to the
plane of projection) of the corrected z-stacks on both fluorescence and co-circularly
polarized FWM amplitude images. In such way, 2D fluorescence and FWM images
containing information regarding the localization of fluorophore tags and nanoparti-
cles respectively were ready to be further analyzed. Note that a maximum intensity
projection is a common way to transform a 3D information into a 2D image, best
used when the objects of interest are the brightest objects in the image, and widely
utilized for example in computer tomography. It was used here to eliminate the need
to identify precisely the same z-plane position from 2D images sequentially acquired
in different microscopes.

Background subtraction
An important part of this analysis was to isolate the pixel intensity coming from
the fluorophores of interest and neglect the very low pixel intensities (looking as
haze in the images) due to cell autofluorescence or glass slide’s autofluorescence.
There are various methods available for background subtraction in image processing,
such as the Rolling ball background subtraction algorithm available on ImageJ. To
minimize processing complexity (and possible resulting artifacts) I used here a simple
background correction where the mean intensity in regions without cells (mostly due
to autofluorescence from the glass substrate) was calculated and subtracted from
the fluorescence images, using ImageJ’s mathematics functionality that allows to
subtract a numerical value from an image. An example of a 2D maximum intensity
z projection of the fluorescence signal from the fluorophore A647 (see Chapter 4)
embedded in fixed HeLa cells before and after background subtraction is shown on
Figure 3.5.

Re-registration algorithm
This analysis step was implemented in order to overlay two images which might have
a rotation and/or translation mismatch. The re-registration algorithm was written
in Matlab by Dr. George Zoriniants.
It is based on the following equation which aims to re-register two two-dimensional

images based on a set of chosen coordinates from both images:
ap ag

r, =
as a4

Q2 . . . . .
] contains rotation, stretching and/or squeezing mechanisms
a3 ay

t1

ry + (3.3.1)

lo

a
Matrix A = |

th

whilst vector t = [ ] describes lateral translations. In order to fully solve equation

to
3.3.1 we need to determine the values of the six unknown variables (a;...ay,t1, ).
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Before After
background correction background correction

Figure 3.5: Example of confocal fluorescence background subtraction
Maximum intensity z projection images of fixed HeLa cells embedded with 40 nm AulNPs-
SA:Bi-Tf-A647 imaged via confocal fluorescence microscopy. (a) Original maximum in-
tensity projection image (b) maximum intensity projection image after background sub-
traction. Images are shown as RGB on a 0-255 intensity scale.

Given one pair of points (one from each image, assumed to represent the same

position if the images were registered), r, = (24, y,) and ry, = (xp, yp), equation 3.3.1

[xa] _ [al a2] [lfb] n {tll (3.3.2)
Ya as a4 [Y t2

Equation 3.3.2 can be re-written as a product of matrices as follows:

leads to:

Tq ar az ti| |xp
Yo | = |G3 Qs t2| |Yb (3.3.3)
1 0O 0 1 1

We can combine the unknown variables into a vector [ay, as,as, a4, t1,t2]". In the

general case of N pairs of points (Z41,¥a1), (o1, Ye1)" ** (Tan, Yan), (Ton, Yo ), €qua-

tion 3.3.3 applied for all pairs takes the form below:

(o gm0 0 1 0] | [am]
a

0 0 xp yn 0 1 2 Yal
a

. . L I (3.3.4)
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35



Chapter 3 3.3. DATA ANALYSIS

Step 1
opoints picked in (a)
points picked in (b)
Step 2
Step 3

Figure 3.6: Evaluation of the re-registration algorithm

Step 1: image (b) is the rotated by 5° image (a), Step 2: image (c) shows the (x,y) points
picked in image (a), whilst image (d) shows the points on both images (a and b) on top
of image (b), Step 3: image (e) is the re-registered image (b) on top of image (a).

which can take the general form of

Ax=b (3.3.5)

where, in our case, x = [a1, a, a3, a4, t1,t2] ' contains the unknown parameters to be
identified. We compute x as the least squares solution of equation 3.3.5. *

In the end the algorithm produces three images, one where the chosen points
(Z1n, y1n) of Image 1 are shown, a second one where the chosen pairs of points
from both images are shown on the ‘transformed’ image and a third one which is an
overlay of the initial image with the transformed or re-registered one, where the first
one appears in red and the second one in green and hence the result is produced
based on pixel intensity overlapping with the maximum overlay appearing yellow

for visualization purposes.

4x* = miny(Ax — b) T(Ax — b) which in Matlab is equivalent to x = A \ b.
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In order to validate the algorithm’s accuracy on our experimental results, since
the procedure is based on manual selection of coordinates, we performed the test
whose results are depicted in Figure 3.6. There, we start with the maximum inten-
sity projection of a confocal fluorescence z-stack of images as the image number 1
of the pair that we wish to register and overlay. Image number 2 is image 1 rotated
clock-wise by 5°. Four well-recognized points of the images are chosen as given
points — (x,y) pairs of both images— and are shown in Step 2 (Figure 3.6 (c),(d)).
In Step 3 of the figure, we see the re-registered image (b) on top of image (a) which
comes along with a calculated root mean squared error® of 12.6 nm indicating the
accuracy of the manual coordinate selection (since we know that the two images are
identical upon rotation). These results suggest that the re-registration algorithm is
a simple way capable of re-registering the fluorescence images obtained in different
microscopes with respect to the FWM images and produce an overlay image where

further colocalization analysis can be performed.
Colocalization analysis

This analysis was inspired and practiced via the S. Bolte & F.P.Cordelieres’ toolbox
named JACoP (Just Another Colocalization Plugin) available on ImageJ. JACoP
is an integrated toolbox of all the current quantitative subcellular colocalization
methods in fluorescence microscopy where the user is able to choose the analysis
that fits better to his needs. For a detailed review of the toolbox as well as a general
overview of colocalization approaches in light microscopy, see Ref [97].

A number of colocalization analysis methods spanning from qualitative ones
based on overlapping pixels to rather complex and tailored approaches whom their
vast majority is based on global statistic analysis of pixel intensity distributions
(98] [99] [100] are available nowadays. However, these methods are usually applied
to fluorescence microscopy and arise from the question whether two fluorophores
overlap and hence reside in the same biological structure. The question becomes
more challenging for the 3D space or even more for 4D (live imaging). Diffraction
limitations imposed by Abbe law (xy resolution A/2NA, z resolution 2\/NA?), as
well as the nature of the sample —for example biological samples are not 2D limited—
and optimum imaging acquisition (avoid oversampling or downsampling for best
results) need to be taken into account beforehand and in the chosen image analysis.

For the work in this thesis, I chose to perform correlation analysis on the linearly
transformed overlayed images derived from the Matlab algorithm described in the

previous subsection, based on the Pearson’s coefficient (PC) and the Manders’ coef-

SError S:\/% ey — (Ara + t)|2
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ficient (M) with the last to be applied only for the FWM channel. Both coefficients
shown on the results of sections 4.2.2 and 4.3 were calculated via JACoP plugin.
These coefficients evaluate colocalization by using statistics to assess the relation-
ship between pixel intensities. In our case, PC (here is represented by the letter r})
measured the linear correlation of the grey values of the intensity pixels of the FWM
and fluorescence image pairs, while the Manders’ coefficient measured the ratio of
the ‘summed intensity of FWM pixels for which the intensity of the fluorescence
pixels is above zero’ to the total intensity of the FWM channel [97][98]. Let’s as-
sume a dual channel image where A; represents the pixel intensity in grey values of
voxel i in channel A and B; corresponds to the respective values for channel B. The
average image intensities of each channel are also noted as a and b. The formulas
3.3.6 below calculate the PC (r,) and Manders for each channel (M and Mg). For
Ma and Mg, we define A; . as A; for B; > 0 and 0 for B; = 0, similarly B, ., as B;
for A; > 0 and 0 for A; = 0. The Manders’ coefficient is very sensitive to noise. To
circumvent this limit, My and Mg may be calculated by setting a threshold to the

estimated value of the background instead of zero®.

> (Ai—a) x (Bi—b)

= ‘ 3.3.6

h \/Z(Ai —a)2 x 3(B; — b)? 330)
Z Ai,col
ZBi,col

My = o (3.3.8)

)

3.4 Miscellaneous materials

A significant part of the work for this thesis was also dedicated to producing different
kind of samples from simple drop-casted AuNPs on ‘piranha’ etched glass coverslips
to biological samples where appropriate biological protocols had to be followed. Due
to the fact that the samples shown in this work involved usage of different materi-
als and implementation of different techniques, they will be described in separate
subsections in their corresponding results chapter. However, here miscellaneous ma-
terials and general information is given regarding products used in the chemistry

and tissue culture laboratories used for the realization of this work.

6The threshold values in the analysis of Manders’ coefficients were picked by the JAcoP Image-J
plug-in. Alterations of the plugin’s default values did not impact our data.
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3.4.1 Miscellaneous materials used in Chemistry Labora-

tory

Various chemicals and appropriate glassware were used as part of samples’ prepa-
ration. In more details, acetone, methanol, ethanol, sulphuric acid, 30% hydrogen
peroxide were mainly used for cleaning purposes of glass slides and coverslips. They
were purchased from Sigma-Aldrich along with silicon oil (refractive index n = 1.518)
for embedding samples and matching the refractive index of the oil-immersion mi-
croscope objective. Glass coverslips varied from square 25 x 25 mm? of thickness No.
1.5 obtained from Menzel-Glaser to circular ones of No. 1.5 and 25 mm diameter. All
the glassware used in this thesis, such as 5 and 10 ml glass graduated cylinders, var-
ious sizes of borosilicate glass beakers as well as 50ml falcon tubes used for storage,
were obtained from Fisher Scientific (Loughborough,UK). Bare gold nanoparticles
of different sizes were obtained from BBI Solutions (Cardiff, UK).

3.4.2 Miscellaneous materials used in Tissue Culture Labo-

ratory

Part of the samples shown in Chapter 4 were produced by our collaborators on
this part of the project in Cardiff School of Pharmacy (Dr. P.Moody) and Not-
tingham School of Pharmacy (Dr. J.P. Magnusson). However partly due to the
occurrence of unexpected results but also for requirements of repeatability, many
of the samples were produced directly by myself and tissue culture protocols had
to be implemented leading to regular use of the tissue culture facilities. This part
concerns the maintenance and growth of human cervical cells known as HelLa.

Materials
HeLa cells were obtained from the American Type Culture Collection (Teddington,
UK), Modified Eagle Medium (MEM GlutaMAX**.T), Fetal Bovine Serum (FBS),
were purchased from Life Technologies (Warrington, UK) as well as Trypsin (0.25%)
and phosphate buffered saline (PBS, pH 7.4).

Cell culture
HeLa cells were maintained in a humidified 5 % COs environment at 37° C using
the media recipe described below. Cells were split twice weekly using 0.25% Trypsin
for 5 min to detach cells from the growth plate. Cells were plated in 10 cm plastic
dishes (Fisher, Chirchester, UK) at concentrations of 1:5, 1:10 and 1:20 dilution in
growth medium. For microscopy experiments cells were grown on glass coverslips in
6 well dishes.

Media ‘recipe’:
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1x MEM GlutaMAXTM_|

1x NEAA (Non-Essential Amino Acid)

1x Na Pyruvate

10% FBS
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IMAGING OF BIO-CONJUGATED
AuPsN HUMAN AND MOUSE CELLS

4.1 Introduction

All samples studied in this thesis involved fluorescently labelled bioconjugated AuNPs.
These were generated either using in-house developed protocols, where the AuNPs
were attached to a fluorescently labelled ligand via a polymer coat, or via the
streptavidin-biotin (SA:Bi) bond, or using commercially available kits where the
AuNPs were attached to fluorescently labelled antibodies. Specifically, four types of
constructs were investigated and are summarised in Table 4.1 based on the protocol
used, the AuNP core and the fluorescent biomolecule used in each case. Three of
the constructs aimed at clathrin-mediated endocytosis in HeLa cells via the ligand
transferrin (Tf) which was fluorescently labelled, while the fourth type of constructs
encompassed antibodies, one specific to the transferrin receptor (TfR) (non fluores-
cent) and one non specific (fuorescently labelled) in mouse cells (3T3-L1). From
the last type, only the construct containing the fluorescent antibody for unspecific
uptake is presented in Table 4.1 for consistency with the overall summary of fluo-

rescently labelled samples.

In order to better address the different characteristics of the samples used along-
side their results, this chapter is divided into three sections based on the biologi-

cal protocol/strategy employed in each construct. The first section Measurements
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Sample AulNP diameter Shell Sequential labelling
40nm AuNP-SA:Bi-Tf(A647) 40nm SA (cb) Bi-Tf(A647)
10nm AuNP-SA(A488):Bi-Tf(A647) 10nm SA(A488)(ad) Bi-Tf(A647)
15nm AuNP-PC-Tf(A488) 15nm PC-Tf(A488)(cb) No
20nm AuNP-PC-Ab(A647) 20nm PC-Tf(A647)(cb) No

Table 4.1: Bioconjugated fluorescently labelled AuNPs used in this study. SA: strepta-
vidin, Bi: biotin, PC: polymer coat, Tf: transferrin, Ab: antibody, A488: AlexaFluor488,
A647: AlexaFluor647, cb: covalent bond, ad: adsorbed

of AuNPs conjugated with Transferrin in HeLa cells presents a correlative FWM-
fluorescence study of fluorescently labelled constructs of 40 nm and 10 nm AuNP
embedded in HeLa cells and used for cellular uptake studies. Gold NPs were pur-
chased already bound to streptavidin, either via a covalent bond (40 nm AuNP-SA,
Innova Biosciences), or via adsorption (10 nm AuNP-SA-A488, Molecular Probes).
Tf was purchased covalently bound to biotin (Sigma-Aldrich) and was attached to
the fluorophore A647, using a protocol developed in house. This project involved
close collaboration with A.T. Jones group in Cardiff School of Pharmacy where
the biological concept behind the preparation protocol of this sample group was
first introduced to the scientific community in their recent work [47]. The samples
outlined in section (4.2.2) were fabricated and imaged via confocal fluorescence in
Cardiff School of Pharmacy and were later sent to our lab for FWM measurements

and correlative analysis which I performed.

The second section Measurements of polymer coated 15 nm AuNPs uptaken by
HeLa cells shows correlative FWM-fluorescence results on polymer coated (PC) 15
nm AuNPs attached to a fluorescently labelled Tf using the fluorophore A488 (see
Table 4.1). The PC-AuNPs were fabricated by our collaborators in Nottingham
School of Pharmacy while the cell culture protocols alongside the confocal fluores-
cence measurements were conducted in Cardiff School of Pharmacy. Similar to the
previous section, the samples were sent to our lab for FWM measurements and

correlative analysis which I performed (section 4.3.1).

In addition to the samples produced by our biology-expert collaborators, there
are samples shown in this chapter which were fabricated solely by myself. During
my PhD years I learned basic tissue culture techniques and was able to reproduce
the biological protocols and make new samples in order to perform additional mea-
surements and/or validate results. These experiments led to the results shown in
sections 4.2.3 and 4.3.2.

Finally, the last section Imaging of 20 nm AuNPs conjugated with various types
of antibodies in 3T3 cells shows samples prepared (by my co-supervisor Dr. P. Wat-
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son) using a commercially available bio-conjugation kit (Innova Biosciences, see also
Table 4.1). Simultaneous FWM and confocal fluorescence imaging measurements
were performed by myself on an array of three different samples having different
antibody combinations and the fluorophore label A647 (see Table 4.2). These ad-
ditional measurements aimed at investigating further the co-localization between
fluorescence and FWM signal on state of the art samples, as well as performing
simultaneous FWM and confocal fluorescence measurements on the same experi-

mental set-up without the need of post acquisition image registration analysis.

4.2 Measurements of AulNPs conjugated with trans-

ferrin in HeLa cells

4.2.1 Sample description and experimental flow

As mentioned in the Introduction of this chapter, the core of the sample protocol for
the bioconjugated AuNPs attached to Tf via SA:Bi bond lies on the recent work [47]
of our co-workers in Cardiff School of Pharmacy. Tf-mediated endocytosis is a type
of receptor mediated endocytosis (RME), i.e. clathrin-mediated, and is the major
iron uptake route for cells [101]. In the research field of drug delivery systems it has
been thoroughly characterised for targeting therapeutics in subcellular organelles
such as lysosomes. Briefly, the trafficking route of Tf includes first the binding of
the ligand with the transferrin receptor (TfR) and their internalisation from the
cell membrane via clathrin coated pits. These pits mature to endosomes which can
either recycle back to the membrane or follow the endolysosomal pathway and end
up in the lysosomes for degradation [102], [103],[104].

Our collaborators demonstrated enhanced lysosomal trafficking of three admin-
istrative proteins (transferrin, anti-MHC class I antibody and anti-Her2 antibody
trastuzumab) via formation of SA:Bi complexes on the cell membrane. To do so,
they developed the sequential labelling protocol, shown on Figure 4.1 which involved
several washing steps and incubation on ice (described in the following) in order to
prevent (i) formation of clusters, and (ii) early Tf-Bi-A647 endocytosis before the
SA addition. Notably, there are 4-8 molecules of Biotin per transferrin molecule
(based on the manufacturer product’s specifications) and moreover streptavidin can
bind up to 4 Biotin which results in the formation of Tf-Bi-A647:SA aggregates if
the counter parts are co-incubated. This is why the sequential labelling protocol
is needed, as opposed to creating SA:Bi conjugates in a vial, prior administration
to the cell. It is also important to mention that the published results in [47] were

obtained in live cells and without any usage of gold NPs attached to the streptavidin

43



4.2. MEASUREMENTS OF AUNPS CONJUGATED WITH TRANSFERRIN IN
Chapter 4 HELA CELLS

as opposed to our case.

a rqfv ﬁ I Extracellular b Extracellular

Intracellular Intracellular

c % % P Extracellular || Extracellular

Intracellular Intracellular

w Receptor M‘ Biotinylated ligand Q. Streptavidin

Figure 4.1: The sequential labelling protocol

(a) Exogenous biotinylated protein is added to cells kept at 4 ° C. (b) Excess unbound
protein is removed by washing. (c) Streptavidin is added to cells, which has the capacity
to cluster receptors by formation of extended cross-links between receptor:ligand—biotin
complexes. (d) Excess streptavidin is removed by washing prior to incubation at 37 ° C.
[FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF [47]]

Sequential labelling of HeLa cells with Tf-Bi-A647 and AuNPs-SA

HeLa cells obtained from ATCC were passaged every third day and were main-
tained as a subconfluent monolayer in normal media under standard tissue culture
conditions®. HeLa cells were grown on 24 x 24 mm photoetched gridded square cov-
erslips of thickness No.2 purchased by Electron Microscopy Sciences for the 40 nm
AuNP sample and on 25 mm diameter circular coverslips (not gridded) of thickness
No. 1.5 purchased from Fisher Scientific for the 10 nm AuNP sample. The fluores-
cently labelled biotynalated transferrin? (Tf-Bi-A647) was generated as per protocol
described by Moody et al. [47] and is also repeated here. Lyophilized biotinylated
Tf (5 mg) was suspended in 1 ml PBS pH 7.4 and then added directly to 1 mg
NHS-A647 and reacted for 1 hour at room temperature to generate Tf-Bi-A647.
The conjugate was later purified from unreacted A647 into PBS pH 7.4 using a
G-50 sephadex gel filtration column (Life Technologies, Paisley, UK). As mentioned

earlier, a sequential labelling protocol was used in order to avoid aggregation [105]

IMiscellaneous materials and standard processes are described in section 3.4.2
2Moody et al.[47] showed that biotynalation does not affect the rate of Tf recycling.
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and lack of functionality of the Tf and is described below:

On the day of the experiment, cells were starved for 30 min in serum-free medium
to allow recycling of serum-derived transferrin. For the 40 nm AuNP sample,
cells were placed on ice for 10 min to inhibit endocytosis. They were after incubated
with 50 pg/ml Tf-Bi-A647 in ice-cold serum-free medium for 8 min and then washed
3 times in ice-cold PBS pH 7.4. Cells were after incubated with 1 in 10 dilution
of the stock concentration of the SA-AuNPs solution in ice-cold serum-free medium
for 10 min and then again washed 3 times in ice-cold PBS pH 7.4. For the 10
nm AulNP sample, cells were incubated for 30 min in serum-free medium and
they were after placed on ice for 15 min to inhibit endocytosis. They were then
incubated with 20 pg/ml Tf-Bi-A647 in ice-cold serum-free medium for 15 min and
washed 3 times in ice-cold PBS pH 7.4. Cells were then incubated with the 10 nm
diameter AuNP-SA(A488) at a protein concentration of 1 pg/ml (this corresponds
to 1 in 30 dilution from the stock solution) in ice-cold serum-free medium for 15
min, and washed 3 times in ice-cold PBS pH 7.4.

The SA-conjugated AuNPs solutions were purchased from Innova Biosciences for
the 40 nm AuNPs-SA and from Molecular Probes for the fluorescently labelled 10
nm AuNPs-SA-A488, where the streptavidin molecule was labelled with the A488
dye.

Final Incubation part and fization

40 nm AuNP-SA:Bi-Tf(A647)

After the last washing step, cells were incubated in pre-warmed imaging medium,
containing phenol red-free DMEM pH 7.4 with 25 mM HEPES and supplemented
with 10 % v/v heat inactivated FBS, for 6 hours (chase part). They were then fixed
in 3 % PFA at room temperature for 10 min, washed 3 times with room temperature
PBS pH 7.4 and then mounted on microscope glass slides with 80 % DAKO medium
purchased from Dako UK Ltd.

10 nm AuNP-SA(A488):Bi-Tf(A647)

Differently from the 40 nm AuNP sample, cells were not chased but were fixed in
ice-cold 4 % PFA for 20 min after the last part of the sequential labelling protocol
and washed 3 times with ice-cold PBS pH 7.4 before mounted with Mowiol® medium

(produced in house) on microscope glass slides. The direct fixation was chosen in

3SMowiol (n= 1.41 - 1.49) is a widely utilised mounting medium which is known to excel over
other media due to the fact that is liquid when first mounting the sample and then it solidifies after
several hours. It is ideal for fluorescence imaging as it has been observed to keep the fluorescence
stable when the sample is held in dark and at 4 °C [106].
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order to ‘capture’ the AuNP-SA(A488):Bi-Tf(A647) labelled construct on the cell
surface, as opposed to the internalised 40 nm AuNP samples that had trafficked for
6 hours inside live cells, prior fixation.

Figure 4.2 is a representative illustration of the structure of the 40 nm AuNP-SA:Bi-
Tf-A647 construct when it binds to the TfR on the cell membrane.

/ 'II'fIR O

Cell membrane

Figure 4.2: Sketch of the 40nm AuNP-SA:Bi-Tf(A647) construct bound to TfR on the
cell membrane before internalisation. For the 10nm AuNP-SA(A488):Bi-Tf(A647), the
streptavidin protein would be also fluorescently labelled using the A488 fluorophore.

There is an important distinction between the two SA-conjugated AuNPs commer-
cial solutions used, which is the type of AuNP-SA bond. In the case of the 40 nm
AuNP-SA construct the nanoparticles are covalently attached to the unlabelled SA
while the 10 nm AuNPs are non-covalently bound (adsorbed) to the fluorescently
labelled SA (see Table 4.1). As a result, the 40 nm AuNP-SA:Bi-Tf(A647) is ex-
pected to be a more robust construct (in terms of AuNP-SA bonding) which can
supposedly be internalised as one entity and proceed to endosomal trafficking. Con-
versely, the non-covalent bond between the 10 nm AuNPs and SA may disassociate
under the same conditions. However, according to the biological protocol used the
10 nm AuNP construct is not expected to undertake internalisation as it was fixed
straight after the sequential labelling protocol. Nonetheless, this distinction is im-

portant when these contstrcuts are chosen as probes for cellular uptake experiments.

Ezxperimental flow

The workflow for the realization of these experiments is illustrated on Figure 4.3
and explained below. Initially, HeLa cells with the 40 nm AuNP-SA:Bi-Tf(A647)
(10 nm AuNP-SA(A488):Bi-Tf(A647)) were prepared by our collaborators in Cardiff
School of Pharmacy (by myself) and then imaged shortly after being mounted on a
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glass slide on a confocal (widefield) fluorescence microscope. For the 40 nm AuNP
sample, specific cell regions were indicated by our collaborators using combinations
of numbers and letters of the gridded coverslip. Figure 4.4 is a representative exam-
ple of the grid’s and letters’/numbers’ visibility as well as how cell regions cultured
on these coverslips and treated by the sequential labelling protocol look like on a
commercially available confocal microscope via DIC imaging. In many regions of
the sample, cells were ‘missing’ due to the multiple washing steps of the protocol
while others were sometimes ‘shrunk’ (if surrounded by others) because of the ice
steps involved. In fact, there were cases in which the sample preparation had to be
repeated several times in order to achieve a worth-investigating sample.

After the sample arrived in our lab, the same regions were found via DIC mi-
croscopy on our multi-modal microscope and were after imaged via FWM. In the
case of the 10 nm AuNP sample (no gridded coverslips used), the cell regions imaged
on the widefield fluorescence microscope, were found after laborious DIC imaging
under low magnification objective on our multi-modal microscope. The last part of
the workflow comprised the correlation analysis, described in 3.3.2, via the appli-
cation of the re-registration algorithm on the confocal fluorescence image in order
to match the FWM image and the calculation of the correlation coefficients on the
merged produced image of the two modalities. This analysis was applied only to the
samples that exhibited distinct fluorescence and FWM signals on both images. In
cases where the results revealed no correlation between the two signals, this analysis

was not applied and the comparison remained to a qualitative level.

4.2.2 Results and discussion on Hela cells incubated with
40nm AuNP-SA:Bi-Tf(A647)

In this section, the results on correlative FWM-confocal fluorescence imaging on
HeLa cells incubated with 40 nm AuNP-SA:Bi-Tf(A647) are presented.

Figures 4.6 and 4.7 constitute representative results of two different regions in-
cluding one or more cells on the sample. FWM imaging succeeded the DIC imaging
and was acquired using the 100x 1.45 NA oil-immersion objective and 1.5x tube lens,
pump (probe) power 31 pW (15.5 pW) at the sample with a pump-probe delay time
of 0.5 ps (corresponding to the maximum FWM signal as a result of the ultrafast
heating of the electron gas in gold[45]), 2 ms pixel dwell time and in plane pixel
size of 94 nm. Furthermore, FWM acquisition was performed in z-stack from the
coverslip-cell interface upwards till no AuNPs can be observed, with the axial step
size set to 250 nm. In Figures 4.6 and 4.7, DIC images of the cell regions show spa-

tially varying contrast derived from thickness and refractive index inhomogeneities
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Sample
preparation

Fluorescence
imaging

Figure 4.3: Experimental flowgram for the measurements of AuNPs conjugated with
transferrin in HeLa cells shown in sections 4.2.2 and 4.3.2.

Figure 4.4: Example of fixed HeLa cells cultured on a gridded coverslip (different sample
than the ones shown later on this chapter) imaged via DIC on a tile mode on the Zeiss
LSM 880 confocal fluorescence microscope with a plan-apochromat 20x air objective with
0.8 NA. Photoetched squares with alphanumeric pattern assisted our correlative imaging
measurements carried out on different microscopes. The scale bar of the image is 100 pm,
while its contrast has been adjusted to enhance the pattern’s visibility.
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in the biological sample. Dashed rectangles on the DIC images highlight the region
of interest (ROI) imaged via FWM and fluorescence and can easily be correlated
with the cell contour of the co-circularly polarised reflection images. Fach figure set
also comprises sets of maximum intensity projection images originating from the co-
polarised FWM amplitude (Afy,;) analysed z-stack images and the corresponding
confocal fluorescence ones, alongside the co-circularly polarised amplitude reflection
(A3,) shown on a single xy plane and finally the re-registered overlay of the previous
two as a product of the Matlab algorithm described in part 3.3.2. As explained in
Chapter 3, we can also detect the cross-circularly polsarised reflection and FWM
components. These carry information regarding the particle asymmetry, as detailed
in [44]. For the scope of the work in this thesis, namely imaging the position of
AuNPs correlatively with that of bio-conjugated fluorophores, such cross-polarised
detection does not add further information and is therefore not discussed in the
following.

For each region the calculated * co-localisation coefficients of Pearson’s (r,,) and
Mander’s (Mpwwm) for the FWM channel based on the re-registered overlay image
are given next to each data set. Both calculated values indicate negligible spatial
co-localisation between the FWM image and the re-registered confocal fluorescence
one. Note that, in most published works the PC values that are considered to prove
significant degree of co-localisation, beyond the noise in the data, are above 0.7.
Moreover, the low Mpwy values (which quantify the proportion of FWM pixels for
which the pixel intensity of the corresponding fluorescent ones is above zero (or
the set background threshold)) proved that most AuNPs did not co-localise with a
fluorescence intensity, i.e. either they did not longer have the fluorophore attached,
or the fluorescent dye at the NP was quenched.

The absence of co-localisation between the FWM signal (AuNPs) and the con-
focal fluorescence (fluorescently labelled Tf), is surprising considering that SA is
covalently attached to the AuNP which in turns binds to Bi with extraordinary
affinity (Kq = 107"M [107]); yet the found correlation was minimal. There are re-
gions of the cell that exhibit distinct fluorescent signal that can be attributed to the
Tf-A647 label but do not show FWM signal and thereby presence of AuNPs, as well
as the contrary. Generally, we observe a significantly larger number of fluorescent
spots than AuNPs. These findings could be explained by a number of reasons, as
follows. Unbound streptavidin might be present in the commercially available stock
solution of 40 nm AuNP-SA, which in turn binds Bi-Tf(A647). This could explain
the observation of fluorescence from A647 as expected from internalized Tf, but not
co-localised with AuNPs. The entry of the ‘bulky’ 40 nm AuNP-SA:Bi-Tf(A647)

4as described in 3.3.2
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construct is inhibited, as compared to the unbound SA:Bi-Tf(A647). This could
explain the larger number of fluorescent spots compared to AuNPs. There is a
dissociation of the 40 nm AuNP-SA:Bi-Tf(A647) construct while undergoing endo-
cytosis as well as a potential degradation of the Tf-A647 by the lysosomes due to
the 6h trafficking (chase part of the biological protocol) similar to what suggested
by Wu et al. [108] for quantum-dot nucleic acid conjugates. Finally, the fluorophore
might be quenched near the surface of AuNPs, similar to what reported by Miles et
al. [48] on commercial 10 nm AuNPs-Alexa633 fluorophore conjugates. For compar-
ison, Hela cells incubated with the 10 nm AuNP-SA(A488):Bi-Tf(A647) discussed
in the following had no chasing part and mostly membrane labelling by fixing the
cells straight after the sequential labelling part.

Notably, Figure 4.5 shows that FWM signal is detected when the pump-probe
delay is set to 0.5 ps while there is no signal generation for negative delay (in this case
Toump = -1 Ps) as expected from the physical origin of this electronically resonant
FWM in gold which vanishes over a few hundred ps time scale [45], as opposed to
long-lived photothermal effects that could persist beyond the 13 ns time-interval

between pulses, and would manifest as a signal at negative pump-probe delay.

T pump = 093 ps T pump =-1 ps

Figure 4.5: Representative example of xy raster scan with 0.5 ps and -1 ps pump-probe
delay. Image (a) refers to the co-circularly polarized amplitude reflection while (b) and
(c) refer to the co-circularly polarized FWM amplitude. When the pump-probe delay is
negative the FWM signal originating from the AuNPs can not be observed.
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Figure 4.6: 40nm AuNP-SA:Bi-Tf(A647) - Region 1

(a) DIC image of a fixed HeLa cell where two dashed rectangulars show 20x20 pm cellular regions imaged in 3D via reflection and FWM (b,c)
and confocal fluorescence (d). The co-circularly polarised reflection (b), A3, is shown as a single (x,y) plane while the co-circularly polarised
FWM, ALy (¢) and confocal fluorescence (d) channels are shown as maximum intensity projections over 5 pm axial direction. Amplitude
scales from m to M are indicated in each image for the FWM acquisition while in fluorescence the scale spans from 0 to 1 corresponding to
255 grey levels. Fluorescence was background subtracted as explained in Fig.3.5. The scale bar for the FWM and reflection images is 5 pm.
The re-registered overlay (e) of the confocal fluorescence (green) —representing the fluorescently labelled Tf- on top of the FWM signal (red)
—representing the location of gold NPs in the cell- is shown alongside the calculated correlation coefficients.
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Figure 4.7: 40nm AuNP-SA:Bi-Tf(A647) - Region 2

(a) DIC image of fixed HeLa cells where three dashed rectangulars show 20x20 pm cellular regions of interest in different cells imaged in 3D via
reflection, FWM (b,c) and confocal fluorescence (d). The co-circularly polarised reflection (b), A3, is shown as a single (x,y) plane while the
co-circularly polarised FWM, AJ}SW a» (¢) and confocal fluorescence (d) channels are shown as maximum intensity projections over 5 pm axial
direction. Amplitude scales from m to M are indicated in each image for the FWM acquisition while in fluorescence the scale spans from 0 to
1 corresponding to 255 grey levels. Fluorescence was background subtracted as explained in Fig.3.5. The scale bar for the FWM and reflection
images is 5 nm. The re-registered overlay (e) of the confocal fluorescence (green) —representing the fluorescently labelled Tf- on top of the FWM
signal (red) —representing the location of gold NPs in the cell- is shown alongside the calculated correlation coefficients.
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4.2.3 Results and discussion on Hel.a cells incubated with
10nm AuNP-SA(A488):Bi-Tf(A647)

In order to further investigate the reasons of lack of co-localisation between the
fluorescently labelled Tf ligand and the FWM signal coming from gold nanoparticles
observed, as described previously, similar measurements were performed on 10nm
AuNP-SA (A488):Bi-Tf(A647) and are shown in this section. The motivation behind
the implementation of these experiments lies on the advantage of using a significantly
smaller diameter size —as a further potential for easier internalisation— of AuNPs (10
nm instead of 40 nm) as well as having dual fluorophore tagging (both Tf and AuNP
are labelled in this case) which enables direct comparison of FWM signal with both
fluorophores and thereby gaining more information. In this case the co-localisation of
the two fluorescent labels can be assessed via fluorescence imaging. Since here HelLa
cells were fixed after the sequential labelling protocol, a successfully prepared sample
imaged via widefield fluorescence should exhibit punctuated fluorescent signal on the
cell membrane (no internalisation is expected) and importantly a high degree of pixel

overlapping when channels are merged.

In fact, Figure 4.8 shows a dual colour widefield fluorescence image captured on
the widefield fluorescence microscope in Cardiff School of Biosciences where the A647
and A488 exhibit high degree of co-localisation with a Pearson coefficient of 0.913.
This can also be appraised qualitatively by the merged false colour overlay image
(4.8 (e),(f)) with the majority of pixels appearing yellow. Fluorescence images of a
control sample ° are also displayed on Figure 4.8 and compared with the respective
colour channels on the same scale. These images were captured while focusing on
the cell surface and strongly suggest that the Tf ligand is bound to the TfR and
that AuNP-SA is also bound to the biotinylated Tf and therefore made this sample
a promising candidate for further correlative FWM-fluorescence imaging study.

In order to proceed with the FWM imaging of the sample, the same regions had
to be found firstly via DIC on our multi-modal microscope. However, this sample
was prepared on non-gridded coverslips and therefore the experimental finding of
the fluorescently imaged regions on our multi-modal microscope via DIC was a
laborious and meticulous process. Figures 4.9 and 4.10 demonstrate that the cellular
regions imaged on the fluorescence microscope were retrieved via DIC imaging and
the white dashed rectangles indicate the regions where the FWM results (shown
below) were acquired. The regions were chosen because they indicated high degree

of co-localisation between the fluorescently labelled Tf and the AuNPs, hence we

5a sample which is treated identically to the sample under examination but is not fluorescently

labelled
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would also expect significant correlation between the FWM signal and the fluorescent

signals.

Results of the FWM imaging of the 10nm AuNP-SA(A488):Bi-Tf(A647) sample
are presented on Figures 4.11-4.12.

For these experiments, it is important to note that the pump (probe) power at
the sample was increased to 93 pW (46.5 nW), the dwell time was set to 3 ms or
5 ms and the pixel size was reduced to 38 nm in order to increase the number of
points per resolution (and in turn the signal to noise ratio) when detecting the 10 nm
AuNPs. All the experimental parameters (laser power, dwell time, pixel resolution)
were gradually changed in order to identify the above settings which would enable
the detection of the 10 nm AuNPs. As a consequence of these values the time of
our measurements raised significantly. For example, a 1 pm z-stack of 10 x 10 pm
area with 100 nm axial step completed in 38 minutes. As a notable comparison, it is
worth mentioning that 40 nm AuNPs were previously detected with pump (probe)
power set to 31 pW (15.5 uW), 2 ms dwell time (we have experimentally found
that this parameter could be even lower than 1 ms to still achieve sufficient signal
to noise ratio and image contrast) and in plane pixel size of 94 nm. Last but not
least, the proof that the measured signal was electronically resonant FWM from Au
was confirmed —as a standard experimental practice— via changing the pump-probe
delay time toward negative delays and a representative example is shown on Figure
4.14.

A striking result from the FWM imaging (Fig. 4.11 and Fig. 4.12) is that
on the regions with high correlation Pearson’s coefficient, for example an r,=0.913
was found for Figure 4.8, between the A488(SA-AuNP) and A647(Tf-Bi) indicating
colocalisation of AuNPs and Tf, when measuring with our FWM technique this is
actually not the case. The image data set of figure 4.11, shows regions imaged on our
multimodal microscopy set-up via DIC (a), reflection (b) and FWM (c) alongside
the respective previously acquired widefield fluorescence images. Z-stacks over 1
pm with 100 nm axial step size were acquired. Maximum intensity projections of
the FWM images are overlapped (in false colour) with each fluorescence channel
highligting the poor colocalisation between them with visual means. The regions
to be overlapped were determined by selecting the cell contour from the reflection
image that matches the contour seen in fluorescence. The density of AuNPs imaged
with FWM is tremendously different to the one that one would assume based solely
on the A488 widefield fluorescence image. There are surprisingly just a few AuNPs

in the FWM images, as opposed to our expectation from the fluorescence images.

On the next data sets (Figure 4.12 and 4.13) similar results are presented. An-

other region of interest (ROI) of the sample is shown where high correlation is also

54



4.2. MEASUREMENTS OF AUNPS CONJUGATED WITH TRANSFERRIN IN
HELA CELLS Chapter 4

expected judging by the fluorescence image. This set of images is composed of 15
x 15 pm single xy raster scan images of the reflection (a) and FWM amplitude (b)
along with a fine z-stack acquired over a 6 x 6 ym area with 100 nm axial step size.
The FWM imaging (d) better highlights one nanoparticle through the z-stack which
was weakly visible on the 15 x 15 pm FWM image at a single z plane (b). Notably,
no other particles are found through the z-stack. This example highlights further
the sparse density of AuNPs and the absence of significant correlation between the
fluorescence and the FWM signal.

Overall, despite the evident co-localisation of the fluorescent signals for the SA-
A488 and the Tf-Bi-A647 conjugate, FWM imaging on the same regions indicate
that the number of AuNPs effectively present is actually much smaller than the
number of fluorophore labels observed. Moreover, of these AuNPs, only a few are
co-localising with the A488 and A647 fluorophores. These results indicate that there
was likely a disassociation between the non-covalent bond of the SA-A488 and the
10 nm AuNP during the cell incubation steps. Furthermore, the stock 10 nm AuNP-
SA-A488 solution used most probably contained multiple unbound fluorophores. In
other words, it is likely that the observed fluorescence of the A488 well co-localised
with the A647 label originates from SA-A488 molecules not attached to AuNPs.
These SA-A488 can strongly bind to Tf-Bi-A647 at the cell surface, and saturate
the available binding sites. As a result, only a few AuNPs are actually present on
the cell surface, and of those only a few are attached to SA-A488 and bind to Tf-Bi-
A647. Notably, although the supplier data sheet for the AuNP-SA-A488 mentions
that fluorescently-labeled SA proteins may dissociate from the colloid gold particles
during storage, there is no reference to a mandatory protocol that must be followed
to remove unbound proteins prior use. Indeed, our biology collaborators have typi-
cally used the stock solution of this product, without additional centrifugation steps
to separate and remove unbound proteins. It is worth mentioning that I made sub-
sequent efforts to prepare new samples after adding ‘washing’ steps on the 10 nm
AuNP-SA-A488 stock solution which however resulted in much reduced detected
fluorescence (very close to the autofluorescence control levels). This suggested that
the washing steps themselves might cause disruption of the construct and loss of

label, and thus are not a straightforward procedure to resolve the issue®.

6As a further note, an investigation of the AuNP-SA-A488 stock solution has been carried out
as part of a following PhD project and has confirmed the presence of a large amount of unbound
SA-A488 in the stock solution, via correlative fluorescence and extinction analysis on individual
AuNPs deposited onto a glass surface. Even after 3x washes (a procedure suggested as ’optional’
by the manufacturer) there was still a significant number of unbound fluorophores.
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‘Merged false colour overlay

Control 647

Figure 4.8: Representative dual colour widefield fluorescence microscopy images of HeLa
cells loaded with fluorescently labelled 10 nm AuNP (AuNP-SA-A488)—(b)- linked to
biotinylated fluorescently labelled Tf (Tf-Bi-A647) —(a)—. A merged false colour overlay
image of the red and green fluorescent channels is shown on (f) alongside a zoom inset
(e). A Pearson coefficient of 0.913 on image (f) was found indicating high degree of co-
localisation between Tf-Bi-A647 and SA-A488. ‘Control’ fluorescent images are shown on
(c) and (d) for comparison. Images were acquired while focusing on the cell surface and
are shown here in RGB format with values spanning from 0 to 255. Scale bar is 20 pm.

DIC Wide-field fluorescence
on our multi-modal set-up false colour overlay
T T e

Figure 4.9: ROI Overview 1: On the right, the merged false colour overlay fluores-
cence image captured on the widefield fluorescence microscope is shown (b), while on the
left the same region was retrieved via DIC imaging on our multi-modal microscope. The
white dashed rectangles show regions imaged via FWM in the next experimental step and
were chosen because they indicate high degree of co-localisation between the fluorescently
labelled Tf and the SA-A488 (supposed to be attached onto AuNPs). Scale bar on both
images is 20 pm.
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DIC Wide-tield fluorescence
on our multi-modal set-up false colour overlay
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Figure 4.10: ROI Overview 2: On the right, the merged false colour overlay fluores-
cence image captured on the widefield fluorescence microscope is shown (b), while on the
left the same region was retrieved via DIC imaging on our multi-modal microscope. The
white dashed rectangles show regions imaged via FWM in the next experimental step and
were chosen because they indicate high degree of co-localisation between the fluorescently
labelled Tf and the SA-A488 (supposed to be attached onto AuNPs). Scale bar on both
images is 20 pm.
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FWM-A647 A488-A647

Figure 4.11: Results 1: Comparison of FWM imaging with widefield fluores-
cence on the 10nm AuNP-SA (A488):Bi-Tf(A647) sample

(a) DIC image of fixed HeLa cells that have internalised 10nm AuNP-SA(A488):Bi-
Tf(A647) where regions A and B are highlighted with white dashed rectangles.
FWM /reflection was acquired with a pump (probe) power set to 93 pW (46.5 pW), a
dwell time equal to 5 ms for region A and 3 ms for region B and the in plane pixel size
measures 38 nm. Z-stack was acquired over 1 pm with 100 nm step size. Co-circularly po-
larised reflection (b), AJ., is shown at the cell-coverslip interface while maximum intensity
projection of the FWM, A;EWM, (c) over the z-stack. Grey scales are linear from m to M
for field amplitudes as indicated. Widefield fluorescence images of the A488 (d) and A647
(e) are shown scaled to their maximum intensity next to each acquired FWM /reflection
areas. Merged false colour overlay images of FWM-A488 (f), FWM-A647 (g) and both
A488-A647 (h) are also re-scaled to maximise colour overlap.
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Figure 4.12: Results 2: Comparison of FWM imaging with widefield fluorescence on the 10nm AuNP-SA (A488):Bi-Tf(A647)
sample. On the top, 15 x 15 pm single xy co-circularly polarised reflection (a), A;r, and co-circularly polarised FWM amplitude (b), A;WM,
are shown alongside the merged false colour overlay widefield fluorescence image of the same region (c). Below 6 x 6 pm reflection (¢) and FWM
(d) images of five z-planes of a z-stack acquired with 200 nm axial step alongside their scale in volts. FWM imaging parameters: pump (probe)
power set to 93 pW (46.5 nW), dwell time equal to 3 ms (5 ms) for the top (bottom) images and in plane pixel size measures 38 nm. Scale bar
on (a-c) images is 5 pm while the scale bar on (c-d) is 1 pm.
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Figure 4.13: Results 3: Comparison of FWM imaging with widefield fluorescence on the 10nm AuNP-SA (A488):Bi-Tf(A647)
sample. On the top, 15 x 15 pm single xy co-circularly polarised reflection (a), A;r, and co-circularly polarised FWM amplitude (b), A;EWM,
are shown alongside the merged false colour overlay widefield fluorescence image of the same region (c). Below 6 x 6 pm reflection (¢) and FWM
(d) images of five z-planes of a z-stack acquired with 100 nm axial step. FWM imaging parameters: pump (probe) power set to 93 W (46.5

nW), dwell time equal to 3 ms (5 ms) for the top (bottom) images and in plane pixel size measures 38 nm. Scale bar on (a-c) images is 5 pm
while the scale bar on (c-d) is 1 pm.
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Figure 4.14: Representative example of xy raster scan with 0.5 ps and -1 ps reference
pump delay. Image (a) refers to the co-circularly polarized amplitude reflection while the
(b) and (c) refer to the co-circularly polarized FWM amplitude. When the pump-probe
delay is negative, no FWM signal is generated.

4.3 Measurements of polymer coated 15nm AuNPs

uptaken by HeLa cells

In this section, a correlative FWM and confocal fluorescence imaging study on 15
nm polymer coated (PC)-AuNP covalently attached to fluorescently labelled Tt (Tt-
A488) ligand is presented.

4.3.1 Sample description

The 15nm AuNP-PC-Tf(A488) construct consists of 15 nm diameter AuNPs cova-
lently bound to a polymer coating shell onto which fluorescently labelled Tf-A488
is covalently bound. An illustration of the 15nm AuNP-PC-Tf(A488) construct is
given on figure 4.15.

This construct was fabricated in house by our collaborators in Nottingham School
of Pharmacy and it is described in Sayers et al.[109] as ‘Tf-AuNP-3". During the
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project, we received various batches of PC-AuNPs of different sizes and with dif-
ferent polymer structures and properties which were initially aimed at temperature
dependent clathrin-mediated endocytic studies based on the thermoresponsive prop-
erties of the polymer cell [110]. Prof. C. Alexander’s group in Nottingham School
of Pharmacy has conducted extensive research in responsive polymer coated NPs
with some of the most recent work to be [111] [112] [113]. Ideally, we were aiming
for a PC-AuNP construct where the polymer would enable to "reveal" ("hide") the
attached Tf due to collapse (extension) of the polymer shell depending on the in-
crease (decrease) of the environment’s temperature. This would lead to a controlled
clathrin-mediated cellular uptake via temperature dependent exposure of the target
ligand (Tf). To that direction, a series of 50 nm PC-AuNPs without Tf was initially
characterised (by myself) in its thermoresponsivity by absorption spectroscopy upon
several heating cycles. The results of this study can be found on Apendix A.1. The
thermoresponsive behaviour of the PC-AulNPs solution appeared not sufficiently re-
versible for its subsequent use in cellular applications and therefore this aim of the

project was aborted within the work in my PhD thesis.

A488
R
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Figure 4.15: Illustration of the 15nm AuNP-PC-Tf(A488) construct fabri-
cated in Nottingham School of Pharmacy following in house chemistry proto-
cols. Gold nanoparticles of 15 nm diameter size decorated with thiolated polymeric shell
onto which fluorescently labelled (A488) transferrin (Tf) is attached. An average value of
3 molecules of Tf per AuNP was calculated by our collaborators.

The samples, whose results are shown in this section, comprise a series of non-

thermoresponsive PC AuNPs-Tf-A488 which were proven to internalize via clathrin-
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mediated endocytosis without exhibiting any thermoresponsivity (tested by our col-
laborators in Cardiff School of Pharmacy and can be found in Appendix C.1). The
stock solution has a particle concentration of 1.27x10' AuNPs/mL and an average
value of 3 molecules of Tf per AuNPs. The Tf ligand is always exposed for cellular

uptake and the construct has a hydrodynamic diameter of 48-50 nm ”.

Protocol 1: Sample preparation protocol for 15nm AuNP-PC-Tf(A488) embedded

in HeLa cells whose results are shown in 4.3.2 - First results.

The tissue culture part of the preparation of this sample was conducted in Cardiff
School of Pharmacy where the sample was also imaged via confocal fluorescence mi-
croscopy by Dr. P.Moody. HelLa cells were grown on photoetched square gridded
coverslips of thickness No.2 (Electron Microscopy Sciences). On the day of the ex-
periment, cells were firstly incubated in serum-free medium for 30 min, to allow
recycling of serum-derived transferrin, and then were incubated with 1 in 10 dilu-
tion of the 15nm AuNP-PC-Tf(A488) stock solution into serum-free medium for 2
hours. After incubation, cells were washed 3 times in PBS pH 7.4 and incubated
in imaging medium for 4 hours (‘chased’) and then fixed in 3% PFA for 10 min at
room temperature. Sample was finally washed 3 times in PBS pH 7.4 at room tem-
perature and then mounted onto microscope glass slides with 80% DAKO medium
(similar to the 40 nm AuNP sample).

Protocol 2: Sample preparation protocol for 15nm AuNP-PC-Tf(A488) embedded

in DAPI stained HeLa cells whom results are shown in 4.3.2 - Further studies.

These samples were prepared by myself as part of Further Studies on these con-
structs. Similar to the protocol described above, Hela cells grown on gridded cov-
erslips and on the day of the experiment were incubated with 1 in 30 dilution of
the 15nm AuNP-PC-Tf(A488) stock solution medium into serum-free medium for 2
hours, following a first step of 30 min incubation in serum-free medium. They were
then incubated in serum-free medium for 30 min (no wash step after the ‘chase’ part)
and subsequently fixed in 4% PFA for 10 min at room temperature. Cells were then
washed 3 times in PBS pH 7.4 at room temperature and a in 1 in 10000 dilution
of DAPI stain solution was added for 10 min in room temperature. Finally, cells
were washed 3 times with PBS pH 7.4 at room temperature mounted onto micro-
scope glass slides with mowiol medium containing 200 nm diameter multi-fluorescent

polystyrene beads. The polystyrene beads were purchased from Polysciences,Inc.

"these numbers were measured by Dr. J.P. Magnusson in Nottingham Scool of Pharmacy
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and are designed to have emission fluorescence peaks at 479, 546, and 612 nm. The
estimated number of fluorescent beads used per coverslip was 107. The used volume
was calculated as such in order to have the beads approximately 50 pm apart on the
24 %24 mm square coverslips used.

The usage of the beads in Protocol 2 aimed at having 3D fiducial points in both
fluorescence and reflection (FWM set-up) imaging modalities which would serve as
correlative reference points. Based on the visibility of the fluorescent beads in each
axial raster scan of each modality we aimed at being able to match (re-register)
the x,y coordinates and z-planes of the two imaging modalities and thus facilitate
the correlation, without the need to use manually chosen coordinates from the cell
contour (see Chapter 3). These experiments belong to further efforts in order to
obtain additional results and eliminate sources of uncertainty in the correlation and
co-localisation analysis with the help of clearly visible fiducials.

Notably, none of the above two protocols used for this sample group include
ice steps, in comparison with the previous 40 nm (10 nm) AuNP-SA(A488):Bi-Tf

samples, as there is no need for sequential labelling here.

4.3.2 Results and discussion

The experimental results are presented in two separate paragraphs corresponding to
the sample preparation protocols and the chronological order of the measurements.
First results include data sets of the 15nm AuNP-PC-Tf(A488) sample prepared by
our collaborators following Protocol 1, while Further studies comprise results of the
115nm AuNP-PC-Tf(A488) sample embedded with multi-fluorescent polystyrene
beads prepared following Protocol 2.

First results

Figure 4.16 shows example images of reflection, FWM and confocal fluorescence mi-
croscopy for Hela cells embedded with 15nm AuNP-PC-Tf(A488). As in previous
cases, the sample was imaged first via confocal fluorescence in Cardiff School of
Pharmacy on the same regions of interest mapped by the aid of a gridded coverslip
and DIC also available in the confocal fluorescence microscope. Dashed rectan-
gles on the DIC image obtained on our FWM set-up highlight the ROIs. The
co-polarised reflection amplitude images (A3,) can easily be correlated with the DIC
highlighted regions. For the FWM /reflection images the following settings were
used: pump (probe) power at the sample of 31 W (15.5 pW), pump-probe delay
time of 0.5 ps, 2ms pixel dwell time and in plane pixel size of 94 nm. Figure 4.16

comprises image sets of maximum intensity projection images originating from the
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co-polarised FWM amplitude (Afyy) alongside single xy reflection images (A3,)
and the corresponding maximum intensity projection of the confocal fluorescence
ones. The re-registered overlay of FWM-fluorescence is shown as a product of the
re-registration algorithm described in Chapter 3. For each region the calculated
co-localisation coefficients of Pearson’s (r,) and Mander’s (Mpwy) for the FWM
channel based on the re-registered overlay image are given next to each analysed
data set. Similar to previous results the calculated values indicate negligible values
of correlation for both coefficients resulting in very poor co-localisation of AuNPs
and the fluorophores.

Among the reasons for such a result, could again be the possibility of unbound
fluorophores (A488) in the stock (and hence incubation) AuNP solution. Despite
the fact that the AuNPs-PC construct was developed following centrifugation and
purification steps, it is still possible that there were unbound fluorescence tags in the
solution which would explain the lack of correlation between the internalised Tf-A488
and the AuNPs shown on the FWM images. In addition, the preparation protocol
included a 2 hours ‘chase’ step which could potentially lead to the construct being
broken down in lysosomes. Furthermore, there is the possibility of quenching of the
fluorophore tag due to its close proximity to the AuNP surface. Another important
factor to be considered, is the very low fluorescence signal of the Tf-A488 captured
on the confocal fluorescence microscope. The fluorophore tag A488 attached to the
PC-AuNP exhibited weak fluorescent signal (in many sample regions comparable
to autofluorescence background coming form the cell and glass autofluorescence)
and even after background subtraction, did not show the clearly punctuated spatial
pattern expected from clathrin-mediated internalised Tf (see Figure 4.17). The
excitation/detection conditions for Alexa488 are known to result in large cellular
autofluorescence backgrounds. As mentioned, there can also be quenching due to
non radiative energy transfer observed when colloidal gold nanoparticles are in close
proximity to fluorescent molecules [114] [115] [51] [52].

Notably, a significant cellular uptake of AuNPs (> 1 AuNP/um?), is observed
for this sample which is consistent with the high concentration of the incubating
solution used (~ 10" AuNP/ml) and the long (2 hours) incubation time. Moreover,
it is likely that the fluorescently PC-AuNPs form aggregates owing to the FWM
signal strength which is larger than the value that we would expect for AuNPs of
such diameter®. With the aim to improve image clarity towards visualising individual
AuNPs, we decreased the incubation concentration to 1 in 30 dilution (compared to

the initially used of 1 in 10) in the next sample (Protocol 2- Further Studies).

8The expected dependence of FWM signal with the radius of the NP is discussed in [116].
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Figure 4.16: 15nm AuNP-PC-Tf(A488)

(a) DIC image of fixed HeLa cells where three dashed rectangles (A, B, C) show 20x20 pm cellular regions imaged in 3D via FWM (b,c) and
confocal fluorescence (d). The co-circularly polarised reflection (b), A3, is shown as a single (x,y) plane while the co-circularly polarised FWM,
Al () and confocal fluorescence (d) channels are shown as maximum intensity projections over 5 pm axial direction. Amplitude scales
from m to M are indicated in each image for the FWM acquisition while in fluorescence the scale bar spans from 0 to 1 corresponding to 255
grey levels. The scale bar for the FWM and reflection images is 5 pm. Probe (Pump) power was measured 15.5 pW (31 nW) at the sample.
The re-registered overlay (e) of the confocal fluorescence (green) —representing the fluorescently labelled Tf- on top of the FWM signal (red)
—representing the location of gold NPs in the cell- is shown alongside the calculated Pearson’s and Mander’s correlation efficients.
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Figure 4.17: (a) An overview of the cellular region imaged on the confocal fluorescence
microscope of Cardiff School of Pharmacy. This is a maximum intensity projection image
over 6 pm on the z axis after background subtraction. Scale bar is 10 pm. (b) Zoom-in
ROI where two regions A and B are separated based on the cell contour (yellow freehand
line) retrieved by the simultaneous acquired DIC on the confocal microscope. The level
of autofluorescence signal coming from the glass is comparable to the fluorescence signal
coming from the cellular region making the correlation analysis very challenging on this
sample.

Further studies

As mentioned on section 4.3.1 these samples intended to address the re-registration
between fluorescence and FWM images obtained on two different microscopes via
the use of fluorescent beads as fiducials, instead of relying on the manual selection
of coordinates in the cell contour discussed in Chapter 3. In this case, the 200
nm diameter multifluorescent polystyrene beads are expected to strongly scatter
and hence be easily detected in reflection whilst being also visible via fluorescence
microscopy. We would therefore expect to have common unambiguous points of
reference between the two modalities (FWM set-up and fluorescence) which could
facilitate the correlation of the two signals.

Figure 4.18 reflects the results obtained on this sample. The presented data set
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is composed of FWM, reflection and confocal fluorescence images of a whole cell
region. FWM imaging parameters were set to pump (probe) power at the sample
equal to 31 pW (15.5 pW ), pump-probe delay time of 0.5 ps, 1 ms pixel dwell
time and in plane pixel size of 94 nm. A DIC image (a) is shown along with two
smaller ROIs highlighted with dashed rectangles. Co-polarised amplitude reflection,
A3, (b), maximum intensity projections of the co-polarised FWM field amplitude,
Afwars (¢) and the confocal fluorescence overlay (d) are also shown for each region
over the acquired z-stacks. Indeed, the fluorescent polymeric beads are visible via
reflectometry (A3,), although only when they are found outside the cell as shown
on region B with the yellow arrow. The fluorescence intensity from the A488 tag in
the 15nm AuNP-PC-Tf(A488) construct was, however, indistinguishable from the
cellular autofluorescence in these samples. Despite several meticulous experimental
efforts on this sample, the negligible fluorescent signal coming from A488 did not
allow to proceed with a correlation analysis between FWM and fluorescence coming
from the 15nm AuNP-PC-Tf(A488) construct. Figure 4.19 further highlights the
fact that there is no "confident" fluorescent signal detected from the A488 which
can be correlated with the FWM signal detected from the AuNPs. It is also worth
mentioning that the green fluorescent signal surrounding the DAPI stained nucleus
is typical cellular autofluorescence observed in the wavelength range (=~ 532 nm)
used for detection of the A488. Notably, the 1 in 30 diluted concentration of the
15nm AuNP-PC-Tf(A488) used in this sample resulted —as expected— in lower den-
sity of AuNPs/pm? and more distinct cellular uptake of the bio-conjugated AuNPs.
It is possible that such reduced AuNP concentration in turn led to the reduction
in the level of fluorescence from the A488 tag, which then became indistinguish-
able from the autofluorescence. Interestingly in this sample, AuNPs are detected
even outside the cell region (Figure 4.18 ¢) which can be attributed to the lack of
washing steps following the incubation part of Protocol 2, as well as the fact that
the stock solution could have been degraded resulting in loss of the protein’s (Tf)
functionality. Note that, in those regions outside the cell (thus not dominated by
cellular autofluorescence) where AuNPs were observed there was still no detectable
A488 at the NP location, suggesting quenching of the dye or dissociation from the
AuNP. All in all, the findings on both 15nm AuNP-PC-Tf(A488) samples (First
results and Further studies) exemplify the argument that fluorescence labelling can
be non reproducible severely affected by autofluorescence backgrounds, prone to

photobleaching and quenching when tags are attached in close proximity to metallic
NPs.
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Figure 4.18: 15nm AuNP-PC-Tf(A488) with DAPI nuclear counterstain

(a) DIC image of a fixed HeLa cell embedded with 15nm AuNP-PC-Tf(A488) and stained with DAPI. A cell overview is given on the first row
of images where the cell was imaged via FWM (reflection and FWM amplitude) after confocal fluorescence imaging acquisition. The dashed
rectangles (A, B) show 20x20 pm cellular regions imaged in 3D via FWM (b,c) and confocal fluorescence (d). The co-circularly polarised
reflection (b), AJ,, is shown as a single (x,y) plane while the co-circularly polarised FWM, Ay, (¢) and confocal fluorescence (d) channels are
shown as maximum intensity projections over 3 pm axial direction for the FWM imaging and over 6 pm for the confocal with 300 nm z-step
(apart from the FWM image of the cell overview imaging which is on a single xy plane). Amplitude scales from m to M are indicated in each
image for the FWM acquisition while in fluorescence the scale bar spans from 0 to 1 corresponding to 255 grey levels. Probe (Pump) power was
measured 15.5 ptW (31 pW) at the sample. The yellow arrow on region B highlights a multifluorescent polystyrene bead of 200 nm diameter
visible on both reflection and fluorescence imaging.
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Figure 4.19: Representative examples (a, b) of merged confocal fluorescence images
of fixed HeLa cells embedded with 15nm AuNP-PC-Tf(A488) (green) and stained with
DAPI (blue) and mounted with multifluorescent beads (green). (a) and (b) are shown on
a maximum intensity projection over 6 pm in the z direction. Scale bars are indicated on
the image.

Proof of FWM signal

Following our standard experimental practice, proof of FWM signal for both PC-
AuNPs samples were performed either via a pump-probe delay dependence of the
FWM field amplitude Figure 4.21 (First studies) or via acquiring lateral scans with
negative pump-probe delay times which results in absence of FWM signal as shown
on Figure 4.20 (Further studies).

Figure 4.21 is a representative example of the pump-probe delay dependence re-
flecting the pump-induced change of a AuNP’s polarisability as extensively discussed
in previous work of our group [45]. Here, the co-polarised FWM field amplitude for
a 15nm AuNP-PC-Tf(A488) at the focus center is plotted versus pump-probe delay
time 7 for a pump (probe) power measured at the sample of 31 pW (15.5 uW).
Briefly, the observed dependence indicates the transient change of the electron and
lattice temperature following the absorption of the pump pulse by the AuNP. Due
to the electron’s gas ultrafast heating, the transient FWM field amplitude reaches
its maximum at a pump-probe delay 7 of about 500 fs. The subsequent decay (1-5
ps timescale) represents the cooling of the electron gas via electron-phonon cou-
pling [116],[14],[45]. The subsequent thermalisation of the NP with the surrounding
medium is achieved at > 100 ps timescales[45].

Figure 4.20 shows another representation of the same ‘check’” where FWM signal

is detected for a pump-probe delay set to 0.5 ps but not for a negative delay.
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T pump = 0,5 pS T pump = _1 PS

Figure 4.20: Example of raster reflection/FWM imaging on the 115nm AuNP-PC-
Tf(A488) (Further studies) sample with 0.5 ps and -1 ps pump-probe delay. Image (a)
refers to the co-circularly polarized amplitude reflection, A, while images (b) and (c)
refer to the co-circularly polarized FWM amplitude, A;WM. When the pump-probe delay
is negative (c) there is no emission of FWM signal from the AuNPs.
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Figure 4.21: Co-polarised FWM field amplitude, Afy,, for a 15nm AuNP-PC-
Tf(A488) at the focus center versus pump-probe delay time 7 for a pump (probe) power
at the sample of 31 pW (15.5 pW).
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4.4 Imaging 20 nm AulNPs conjugated with anti-
bodies in 3T3-L1 cells

In the two previous sections fluorescence and FWM measurements were not acquired
on the same microscope. This led to the implementation of a custom registration
analysis (see Chapter 3) in order to correlate position information derived from
FWM microscopy of AuNPs with fluorescence microscopy of fluorophores attached
onto the AuNPs acquired on a separate microscope. In order to avoid this post-
acquisition registration (and its intrinsic uncertainty limits), this section describes
the application of simultaneous acquisition of FWM and confocal fluorescence on
the same set-up and, in turn, the correlation of these signals on a new series of
samples.

In addition, the samples of this section were developed using two different an-
tibodies and a commercially available bio-conjugation kit producing three different
samples. The aim was to investigate further the co-localisation between fluorescence
and FWM signal on state of the art samples on the same microscope without the

need of gridded coverslips and post-measurement registration analysis.

4.4.1 Sample description

The preparation of these samples was realized by my co-supervisor Dr. Peter Wat-
son.

As mentioned above, driven by the need to use state of the art bio-conjugation
techniques in order to further investigate the question as to whether fluorescence
is a reliable readout when using AuNP-fluorophore constructs, we came across the
recent work of I. Cabezdn et al. [117]. In their work, they studied via Transmission
Electron Microscopy (TEM) the intracellular trafficking of 20 nm AuNPs coated
with the 8D3 anti-TfR antibody at the mouse blood-brain barrier in the context of
a possible delivery strategy of neurotherapeutics across it. Their sample protocol
involved the use of a commercial bio-conjugation kit with proven internalization of
AuNPs-8D3 shown on their publication.

The InnovaCoat 20 nm GOLD (20 OD) Conjugation Kit by Innova Biosciences
(Cambridge, UK) was purchased in order to covalently attach antibodies on the

coated surface of 20 nm diameter AuNPs in a few steps.

Formation of the AuNP-Antibody conjugate:
As the 8D3 anti-TfR anitbody is mouse specific we had to use mouse cell lines.

3T3-L1 cells were grown on No. 1.5 thickness 25 mm diameter circular coverslips
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(not gridded) (Fisher Scientific). Cells were incubated for 30 min in serum-free
media, incubated for 15 min with 2.6 x 10'° AuNPs/ml of Antibody-AuNP solution
and washed 3 times with PBS pH 7.4. Finally the cells were fixed in 3% PFA for 10
min at room temperature, washed 3 times in PBS pH 7.4 at room temperature and

then mounted onto glass slides in Mowiol.

Table 4.2 alongside Figure 4.22 summarizes the protocol and the properties of
the three samples investigated with our multi-modal imaging set-up via correlative

FWM and confocal fluorescence.

Overall, we expect that on Sample 1 (non specific antibody) the bioconjugated
AuNPs may enter the cell via unspecific endocytosis or may not enter at all; on
Sample 2 (specific antibody) we expect to observe FWM signal of AuNPs only in
the cells (the sample is not fluorescently labelled so no fluorescence is expected);
and on Sample 3 (50:50) we expect to see FWM signal of internalized AuNPs
—via Tf-mediated endocytosis driven by the 8D3 antibody— co-localized with the
fluorescence emission from the A647 tag on the unspecific antibody also present on
the AuNPs surface.

Sample 1 Sample 2 Sample 3

20nm AUNP 20nmAu nm Au
um i goat/anti-rabbitAG47 i SD3 l 8D3  goat/anti-rabbitA647
""""""""" O
@\ 7 Q\; T~ i L= | 5050
313 + 313 T 3T3 e

Tissue Tissue Tissue
culture culture culture

Fixedin PFA Fixedin PFA
|:\ Mounted in Mowiol |:| Mounted in Mowiol |:|
Figure 4.22: Tllustration of the three different types of samples used for simultaneous
FWM and confocal imaging on our multi-modal imaging set up.

Sample Antibody type Endocytic pathway Labelling
Sample 1 Goat /Anti-rabbit non receptor-mediated A 647
Sample 2 8D3 receptor-mediated No
Sample 3 8D3 + Goat/Anti-rabbit receptor-mediated A 647

Table 4.2: Samples’ specifications according the antibody and labelling bio-conjugation
achieved.
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4.4.2 Results and discussion

In this section results for all three samples along with an explanation of the experi-
mental work flow and analysis are presented.

All three samples were imaged on the multi-modal microscope in School of Bio-
sciences via DIC, FWM and confocal fluorescence, the latter being a new modality
added on our epi-detection scheme for the purposes of these measurements as ex-
plained in 3.1.2.

After optimizing the parameters of the experiment and having identified the cell
regions to study, FWM and confocal fluorescence were acquired simultaneously in
3D. Higher power and smaller dwell time, than the ones used in the previous sections,
were used here in order to image large cell regions in shorter time. Notably, 3T3-L1
cells are much larger and flatter than HeLa cells. Regarding the settings used, the
power of pump (probe) beam was set 62 pnW (31 pW) at the sample plane and the
dwell time was set between 0.3 ms to 1 ms (each image caption contains the exact
information) in order to maintain a sufficiently high signal to noise ratio. A Nikon
100x oil immersion objective with 1.45 NA with 1.5x tube lens was used for focusing
of the pump and probe beams as well as for the epi-collection of the detected signals
(FWM, reflection and fluorescence). FWM (Afyy), reflection (A3) and confocal
fluorescence channels were acquired simultaneously enabling detection of AuNPs
background free in 3T3-L1 cells, detection of the cell structure and detection of
fluorescence in 3D cellular environments. The fluorescence signal was epi-collected
and guided into a PMT module Hamamtsu (H10770-40) with a Semrock filter (FF02-
650/100) aiming to reject the excitation laser and collect only wavelengths in the
range of 600-700 nm.

For all three samples various cell regions of different cells were imaged via z-
stacks resulting in 3D images of the cellular environment presented here as (xy-z)
montages or/and maximum intensity projections. The z-stack was initiated from
the cell-coverslip interface (z = 0) where the maximum reflection is usually observed
and then move upwards inside the sample (z > 0). The pixel size and dwell time
can be slightly different for each data set and therefore the exact specifications are

given at each Figure’s caption.

Sample 1 - Results

Figures 4.23, 4.24 and 4.25 are representative for Sample 1 (non specific antibody).
As expected for a sample where the AuNPs are attached to an unspecific antibody
the number of the internalized AuNPs is very low with many of them to be observed

outside the cellular regions. This can be easily seen by comparing the reflection
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(¢c) and FWM (d) images of Figure 4.24 which is shown as a false color overlay
on Figure 4.23 and indicates that AuNPs are not effectively internalized within
this incubation time (15 min) via non-specific endocytosis. Observing the confocal
fluorescence images of the two examples shown on Figures 4.24 and 4.25 one can
distinguish intense fluorescent signals coming from structures with a diameter of
about 1 pm. This is much larger than the PSF of the 1.45 NA objective expected in
one-photon fluorescence (A/2NA =~ 200 nm). The structures are largely uncorrelated
with the FWM from the AuNPs, and their fluorescence intensity is comparable to
the autofluorescence observed in sample 2, particularly when imaging regions near

the cell nucleus (see Figure 4.28).

Limited by the cell’s autofluorescence and in order to further verify the origin
of these fluorescent structures we imaged the sample on the wide-field fluorescence
microscope in Cardiff SChool of Biosciences. The wide-field epi-fluorescence imag-
ing of the sample was realized after the FWM experiments and it was optimized
both for A647 and A568 detection (see Table 3.1 for the excitation/detection band-
width corresponding to these channels) by setting 600 ms acquisition time and pixel
binning 4. The A568 channel was additionally acquired to the A647 in order to
‘simulate’ the wavelength excitation of the FWM set-up and be able to qualitatively
compare the cell’s autofluorescence at this wavelength regime (note however that
the detection range for the A568 channel in the widefield fluorescence microscope
is from 580 nm to 630 nm while the confocal fluorescence detection range imple-
mented in the FWM set-up is 600-700 nm). As shown on Figure 4.26 the sample
exhibited autofluorescence on both channels. The fluorescent structures observed on
our home-built microscope were also visible in Figure 4.33 around similar regions;
clearly strong autofluorescence was observed around the nucleus. By further look-
ing into the literature the origin of this signal can be attributed to vesicles or/and
mitochondria which are known to exhibit autofluorescence under similar imaging
conditions as presented by Dellinger et al. [118] and Andersson et al. [119]. Figure
4.26 shows some dotted structures appearning more pronounced in the red chan-
nel, which suggests that some A647-related fluorescence is actually visble, above
the autofluorescence level. In particular, dotted structures are observed outside cell,
consistent with the observation from FWM imaging that the AuNPs are not being
efficiently internalised and are found mostly outside the cells. However, in these
samples, A647 gives a weak fluorescence signal as the settings were not the ones
typically used when a good concentration of fluorophore is present (600 ms acquisi-
tion time is a high interval in our experience when imaging on this microscope). To
that end, we noticed that fixation of these cells was accompanied by a significant

quenching of the fluorescence of the A647 as compared to imaging the cells live.
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In summary, it appears that (i) fluorescence excitation at 550 nm and detection
at 600-700 nm, as used in the FWM microscope, is accompanied by significant cel-
lular autofluorescence, especially near the nucleus; (ii) fluorescence detection of =
1 pm wide structures is probably due to vesicular/mitochondrial autofluorescence;
(ili) some (punctuated) structures could be related to the A647 labelling but they
are hard to distinguish from the autofluorescence background. Therefore in regions
inside the cells, we cannot conclusively correlate FWM measured on AuNPs with the
fluorescence signal as the latter is significantly affected by cellular autofluorescence.
Notably, when looking in regions outside the cell where AuNPs are visible in FWM
and cellular autofluorescence is not present, we still did not observe any clear fluo-
rescence above background that could be correlated with the AuNPs. These results
thus suggest that either the A647 is bleached, to the extent of making it unde-
tectable against the background even outside the cell, or is actually not attached to
the AulNP. It should be pointed out that since A647-related fluorescence appears to
be visible in Figure 4.26 (both inside and outside the cell region) when using wide-
field epifluorescence excitation/detection, the lack of any fluorescence from A647
being detected with the confocal modality implemented in the FWM microscope
suggests additional fluorophore photobleaching induced by the pulsed laser scan-
ning excitation where high peak field intensities are used (~ GW /cm?), compared
to the mild widefield excitation (~ W/cm?). Future additional studies should be
devoted to clarify this point.

Sample 2 - Results

Sample 2 (specific antibody) consists of non fluorescent 8D3-AuNP conjugates which
are expected to be internalized via receptor-mediated endocytosis in the cell. The
only way to evaluate the uptake behaviour of this sample is via our FWM imaging
set-up based on the FWM signal coming from the AuNPs in absence of fluorophore.
The results in Figures 4.27 and 4.28 support the expectation of a more efficient
internalisation in this sample compared to Sample 1. On both examples an overall
DIC image of the cell is shown alongside a smaller cellular region where the reflec-
tion (Aj,), FWM (Afwy) and confocal fluorescence channels (no fluorescence from
A647 is expected here but was acquired simultaneously for background reference
and as autofluorescence control) for each z step/position. It is clear from both the
FWM channel (Figures 4.27(c), 4.28(c)) and the false colour overlay images where
the maximum intensity projection of the FWM channel is merged with a single x,y
reflection channel (Figures 4.27(e), 4.28(e)) that the AuNPs are visible in all the
z-steps indicating that the AuNPs are internalized in vesicles throughout the whole

cell volume. Also no particles appear in regions outside the cell which is an addi-
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tional indicator of the targeted receptor-mediated endocytosis. As mentioned, at
the fluorescent channel of Figure 4.28 we observed similar autofluorescent features
and intensity levels as in Figure 4.24 which supports their attribution to endoge-
nous subcellular organelles such as mitochondria, as discussed previously. Notably,
as previously mentioned, the autofluorescence is significant near the cell nucleus

(Figure 4.28) while much lower in more peripheral cellular regions (Figure 4.27).

Sample 3 - Results

Figures 4.29 - 4.33 correspond to Sample 3 (50:50). All these examples involve
similar measurements to the ones for the previous two samples where large cell
regions where imaged simultaneously via FWM and confocal fluorescence imaging.
The large numbers of NPs internalised by the cells observed in all FWM images for
the examples of Sample 3 — which contains both antibodies used in Samples 1 and
2 in equal quantities— compared to Sample 1 suggests that the combined antibody
conjugation was successful and that the conjugates entered the cells via receptor-
mediated endocytosis. The false colour overlay image in Figure 4.30(c), where the
maximum intensity projection of the FWM channel is merged with a single x,y
reflection channel, strengthens further the above argument as only two NPs were
imaged outside a 50 x 50pm region. All the images/results for Sample 3 are consistent
with the previous remarks. A video showing the FWM channel of Figure 4.29 can
be found at https://youtu.be/Pg4iletlvks. In particular, similar to Sample
1 autofluorescence coming from the cell and subcellular organelles dominated the
confocal fluorescence detection, and thus hindered any conclusive correlation of the
A647 label with the AuNPs in cellular regions. As a result, we did not perform
the correlation analysis in terms of Pearson and Manders coefficients (note that for
these sample no image re-registration (i.e. rotation and translation, see Chapter
3) would be required as the images are acquired simultaneously). By merging the
maximum intensity projection of the FWM with the confocal fluorescence channel
(as appears in all the examples of Figures 4.29-4.32) it is straightforwardly observed
that the two signals are not correlated. Following the experimental work flow on
Sample 1 we performed wide-field fluorescence imaging as shown on Figure 4.33
where two cell regions of Sample 3 are illustrated on channels A647 (fluorophore
tag) and A568 (mimicking the laser beam excitation at 550nm of the FWM). The
imaging parameters were the same to the ones for Sample 1; 600 ms acquisition
time and binning 4. The same attributes to the ones described for Sample 1 are
also observed here by comparing the wide-field fluorescence images Figure 4.33 to
the fluorescence obtained on our home-built microscope Figures 4.29-4.32.

In all samples, confocal fluorescence was dominated by autofluorescence coming
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either from the cell’s nucleus or ~ 1pm fluorescent structures which are ascribed
to either aggregated fluorescently tagged constructs or subcellular organelles like
mitochondria or vesicles. This fact imposed significant limitations on detecting
fluorescence emitted by the A647 fluorophore inside the cell and therefore made
impossible a direct comparison and correlation analysis of the two channels (FWM-
confocal fluorescence).

Overall, these results also highlight the limitations of fluorescence microscopy
largely affected by problems including background autofluorescence and photobleach-
ing, and confirm the superior performance of background free FWM imaging to

located gold NPs specifically and unambiguously inside cells.

Figure 4.23: Sample 1 False colour overlay images of reflection (grey) and the maxi-
mum intensity projection of FWM (yellow) channel of Figure 4.24 where the AuNPs are
depicted with yellow dots in adjusted scale to enhance visibility. Scale bar is 10 pm.
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Figure 4.24: Sample 1 - Example 1

(a) DIC image of a cell region where the highlighted rectangular shows a 60x60 pm cellular region imaged simultaneously via confocal fluorescence
(b) and FWM (c,d). The co-polarised reflection, A3, (c) and co-polarised FWM, Af, (d) and fluorescence (b) channels were acquired with
0.4 ms dwell time and 64 nm pixel size. A smaller region (indicated with white rectangular on (c) was thereafter imaged as z-stack with 100 nm
z-step size, 0.5 ms dwell time and 63 nm pixel size . Reflection (e), FWM (f), fluorescence (g) channels are shown as montages over the different
z with their intensity scale bars on the right (as measured in Volts for FWM and reflection and in photoelectron/sec for fluorescence). The scale
bar for e,f and g is 10 pm.
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Figure 4.25: Sample 1 - Example 2

(a) DIC image of another cell region where the highlighted rectangular shows a 50x50 pm cellular region imaged in 3D simultaneously via FWM
(b,c) confocal and fluorescence (d). The co-polarised reflection, AJ,, (b) and co-polarised FWM, Afy, (c) and fluorescence (d) channels were
acquired with 0.4 ms dwell time and 63 nm pixel size. The z-stacks with 500 nm z-step size are shown as montages over the different z with their
intensity scale bars on the right. The scale bar for e,f and g is 10 pm. A false color overlay image (e) of the maximum intensity projection of the
confocal fluorescence (grey) on top of the FWM one (yellow dots indicate the FWM signal originating from AuNPs) on adjusted scale indicates
lack of co-localization of the two signals.
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A647 AS68 Merged False colour overlay of
FWM with confocal fluorescence

Figure 4.26: Qualitative comparison of fluorescence images acquired in our home-built microscopy set-up (e, f) with the ones acquired on the
commercially available wide-field epi fluorescence microscope (a-d) for different cell regions on Sample 1. On the left, fluorescence images for the
A647 (a, ¢) and A568 (b, d) channels on the commercially available microscope are shown on a 0-255 intensity scale. On the right, two merged
images (different examples to the ones shown on Figures 4.24 and 4.25) of the maximum intensity projection of the FWM and fluorescence
channels are shown in false colour (e, f); grey colour depicts the fluorescence while the yellow dots represent the AuNPs.
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Figure 4.27: Sample 2 - Example 1
(a) DIC image of a cell region where the highlighted rectangular shows a 17x17 nm cellular region imaged in 3D simultaneously via FWM
(b,c) and confocal fluorescence (d). The co-polarised reflection, Af,, (b) and co-polarised FWM, Afy, (c) and fluorescence (d) channels were
acquired with 1 ms dwell time and 62 nm pixel size. The z-stacks with 100 nm z-step size are shown as montages over the different z with their
intensity scale bars on the right. The scale bar for b,c and d is 5 pm. False color overlay image (e) of the maximum intensity projection of the

the FWM channel of the whole stack (yellow dots in adjusted scale indicate the FWM signal originating from AuNPs) on top of a single xy
reflection plane. All the AuNPs have been internalized and are located inside the cell as FWM (c) channel shows.
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Figure 4.28: Sample 2 - Example 2

(a) DIC image of a cell region where the highlighted rectangular shows a 15x15 nm cellular region imaged in 3D simultaneously via FWM
(b,c) and confocal fluorescence (d). The co-polarised reflection, Aj., (b) and co-polarised FWM, Af, (¢) and fluorescence (d) channels were
acquired with 1 ms dwell time and 47 nm pixel size. The z-stacks with 200 nm z-step size are shown as montages over the different z with their
intensity scale bars on the right. The scale bar for b,c and d is 5 pm. False color overlay image (e) of the maximum intensity projection of the
the FWM channel of the whole stack (yellow dots in adjusted scale indicate the FWM signal originating from AuNPs) on top of a single xy
reflection plane.

+
FWM

A

Epi-confocal
Fluorescence

STITHD I'T-€LE

7 103dey)

NI SHIAOYLLNV HLIM dALVONINOD SANAV NN 0¢ ONIOVINT 77



9,1x 103

W)
J3x 104
™
2,65 104
V)
4,7x 10-°
W)
m -
i~ 1,9x 10°
o el/s
¢ g
S v
= 3
s @
o =
=
=2
M= 2,3x 10
el/s

Figure 4.29: Sample 3 - Example 1

(a) DIC image of a cell region where the highlighted rectangular shows a 50x50 pm cellular region imaged in 3D simultaneously via FWM
(b,c) confocal and fluorescence (d). The co-polarised reflection, A3, (b) and co-polarised FWM, Af,, (¢) —video can be found at https:
//youtu.be/Pgdiletlvks— and fluorescence (d) channels were acquired with 0.4 ms dwell time and 63 nm pixel size. The z-stacks with 500 nm
z-step size are shown as montages over the different z with their intensity scale bars on the right. The scale bar for b,c and d is 10 pm. Notably,
the AuNPs have been internalized and are located inside the cell as FWM shows (c¢). The black line on the zero step originated from sudden loss
of the laser beam due to the laser’s auto-alignment maintenance.
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4.4. IMAGING 20 NM AUNPS CONJUGATED WITH ANTIBODIES IN
3T3-L1 CELLS Chapter 4

Figure 4.30: Sample 3 - Example 1 overlay The cell region of Figure 4.29 is shown
on the reflection channel, Aj,, (a), the FWM channel, Afyy,, (b) and as a false colour
overlay of the previous two channels (c) where the AuNPs appear as yellow single dots
on the cell membrane. FWM channels are shown as maximum intensity projection over 6
pm z-stack while the reflection is shown on a single xy plane. On the right we can see the
rectangular region highlighted on (c). The merged false colour overlay (d) is composed of
the maximum intensity projection of the fluorescence channel (e) on top of the FWM one
(f). Scale bar is 10 pm.
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Figure 4.31: Sample 3 - Example 2

(a) DIC image of a cell region where the highlighted rectangular shows a 40x40 pm cellular region imaged in 3D simultaneously via FWM
(b,c) confocal and fluorescence (d). The co-polarised reflection, Aj., (b) and co-polarised FWM, Afy, (¢) and fluorescence (d) channels were
acquired with 0.5 ms dwell time and 63 nm pixel size. The z-stacks with 500 nm z-step size are shown as montages over the different z with their
intensity scale bars on the right. The scale bar for b,c and d is 10 pm. False colour overlay image (e) of the maximum intensity projection of the
the FWM channel of the whole stack (yellow dots in adjusted scale indicate the FWM signal originating from AuNPs) on top of the confocal
fluorescence one (shown in gray). AuNPs are shown to be homogeneously internalized and located inside the cell as FWM channel shows(c).
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Figure 4.32: Sample 3 - Example 3

(a) DIC image of a cell region where the highlighted rectangular shows a 45x45 nm cellular region imaged in 3D simultaneously via FWM
(b,c) confocal and fluorescence (d). The co-polarised reflection, Af,, (b) and co-polarised FWM, Afy (c) and fluorescence (d) channels were
acquired with 0.3 ms dwell time and 63 nm pixel size. The z-stacks with 500 nm z-step size are shown as montages over the different z with their
intensity scale bars on the right. The scale bar for b,c and d is 10 pm. False color overlay image (e) of the maximum intensity projection of the
the FWM channel of the whole stack (yellow dots in adjusted scale indicate the FWM signal originating from AuNPs) on top of the confocal
fluorescence one (shown in gray).
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4.4. IMAGING 20 NM AUNPS CONJUGATED WITH ANTIBODIES IN
Chapter 4 3T3-L1 CELLS

A647 A568 A647 A568

R

Figure 4.33: Two cell regions (A and B) of Sample 3 imaged on the commercially
available wide-field epi fluorescence microscope for A647 and A568 channels. Zoom in
regions are displayed and show strong fluorescence coming from similar structures to the
ones observed via our confocal fluorescence on our home-built microscope.

Proof of FWM signal

The FWM signal was once again verified during each imaging session via either
pump-probe delay scans (Figure 4.35) or via xy raster scans with a negative pump-
probe delay (Figure 4.34) for two different cellular regions. Similar to previous
measurements, the FWM origin of the signal as due to the free electron gas in the

AuNPs undergoing ultrafast heating/cooling dynamics is shown in the below figures.

T pump — -1,3])8 T pump — O’DPS T pump — -l,DpS T pump — O’DPS

Figure 4.34: Two examples of xy raster scans with 0.5 ps and -1.5 ps pump-probe delay.
Channels (a),(e) refer to the co-polarized reflection while the (b-c) and (f-g) refer to the
co-polorized FWM one. Where the pump-probe delay is negative we do not observe FWM
signal coming from AuNPs.
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Figure 4.35: Co-polarized FWM field amplitude (V) for a 20 nm diameter AuNP at
the laser beam’s focus center versus pump-probe delay time 7 for a pump (probe) power
at the sample of 62 pW (31 pW).

4.5 Summary

Overall this chapter dealt with correlative FWM-fluorescence imaging measurements
performed on an array of AuNP-fluorophore conjugate constructs both developed
in house and commercially available with the scope to investigate their integrity in
cells. Samples were divided, based on the bioconjugating type of labelling of the
AuNPs into three groups:

o In section Measurements of AuNPs conjugated with Transferrin in HeLa cells,
the sequential labelling SA:Bi in house protocol was used in order to
bound AuNPs-SA conjugates (with SA covalently attached —40 nm AuNP
sample— or non-covalently —10 nm AuNP sample-) with the biotinylated fluo-
rescently labelled Tf.

o In section Measurements of polymer coated 15nm AuNPs uptaken by Hela

cells, polymer coated AuNPs were attached to a fluorescently labelled TH.

o In section Imaging of 20 nm AuNPs conjugated with various types of antibod-
ies in 3T3-L1 cells, AuNPs were bound to antibodies (a fluorescently
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labelled-TfR antibody and a non-fluorescent unspecific antibody were used)

via a commercially available bio-conjugation kit.

Common findings are that large areas of the cell that exhibit fluorescence do not
show AuNPs in the same spatial location, and AuNPs (observed by FWM) are in
spatial locations that are not fluorescent (or the observed fluorescence is indistin-
guishable from endogenous autofluorescence). This was quantified by a correlation
analysis, where the degree of co-localisation measured via Pearson’s and Mander’s
overlapping coefficient (for the FWM channel) was generally very poor. Moreover,
due to limitations such as photobleaching and cellular autofluorescence a quantita-
tive correlation analysis was not performed on a number of samples as was deemed
not meaningful.

Explanations for the results shown in this chapter can vary and strongly de-
pend on the construct used, the sample preparation protocol and the experimental
imaging parameters as discussed in each sample group’s result section. Overall, the
possible reasons of lack of co-localisation observed in this study between fluorescene
and FWM signal and hence negligible spatial correlation between fluorophores and
AuNPs belonging to the same construct, can be summarised as follows: (i) break
down (dissociation) of the constructs during internalization or several washing steps,
(ii) presence of unbound fluorophores and/or proteins (SA) in the initial solutions
applied to cells, (iii) degradation of the fluorophore where the ‘chase’ part of the
biological protocol was very long (i.e. the 40 nm AuNP-SA:Bi-Tf-A647 sample
which was chased for 6 hours), (iv) fluorescence quenching due to fluorophores be-
ing attached in close proximity to AuNPs (e.g 15 nm AuNPs-PC-Tf-A488), and (v)
photobleaching effects due to high photo-excitation intensities (i.e. 20 nm AuNPs-
Antibody-A647).

Importantly, these results are consistent with a very recent publication of Miles
et al. [48] which showed no correlation between fluorescence and scattering signal
coming from commercially available 10 nm AuNP-SA-A633 (similar construct to
the ones used in the samples undergoing sequential labelling). In this published
work, a diluted solution of the fluorescently labelled AuNPs was drop-deposited
onto a coverslip and the sample was imaged on an interferometric cross-polarised
microscope (IPCM) [50] combining the ability to detect scattering from single 10 nm
AuNP and single molecule fluorescence at very low powers (less than 20 ptW). They
concluded that there was a "complete absence of co-localisation" between the two
signals and that most likely the AuNP quenches the fluorescence signal as was also
previously reported by Kandela et al. [52]. Ref [52] had examined —among others—
bulk solutions of 5 - 18 nm AulNP conjugated with fluorescently labelled antibodies

and proved that the fluorescence signal of the construct was "nearly completely
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quenched (> 99 %)".

All in all, these findings highlight on the one hand the limitations of fluorescence
labelling, and on the other hand the advantage of the background-free FWM tech-
nique used in this thesis as a reliable way to locate non-fluorescent AuNPs inside
cells.

This study is of great importance to the cell imaging community which is tra-
ditionally based on fluorescence methods. Researchers shall keep in mind that flu-
orescence labelling is not always a reliable mean of following the cellular uptake of
AuNPs and that biological probes have to be carefully chosen and characterized, not
only as being biologically adequate but also in terms of photophysical behaviour and
imaging detection properties, in order to avoid misinterpretation of results derived

solely from fluorescence imaging.
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STUDY OF AUNP’S DIFFUSION IN
AGAROSE MATRIX GEL

5.1 Motivation

So far the thesis has discussed the high selectivity and background free capability of
the FWM technique leading to correlative observations between intracellular uptake
of various types of AuNPs and their fluorescently labeled attached ligands inside
cells, at fixed time points. However, many questions that biomedical scientists
aim to answer refer to understanding dynamic processes in living systems. To do
so, there has been a tremendous progress in the physics community in developing
techniques and data analysis methods that can elucidate these dynamic mechanisms
inside cells. Among the most popular ones are the Single Particle Tracking (SPT)
using optical microscopy. An updated scientific review on the progress on this field
can be found in [120].

Probably the most widespread SPT methods are fluorescence based techniques
which can achieve high localization precision and sufficient contrast against hetero-
geneous background using the single-emitter localisation principle [29],[28]. Alter-
native to those, key enabling techniques to access dynamics in living cells include
fluorescence recovery after photobleaching (FRAP) which uses photobleaching in
order to selectively switch off a fluorescently labeled molecule and has been applied

to study protein dynamics in the cytoplasm or cellular structures in cells. In addi-

93



Chapter 5 5.1. MOTIVATION

tion, Fluorescence correlation spectroscopy (FCS) is a correlation analysis method
that analyses the intensity fluorescence fluctuations arising from a diluted solution
observed in tiny volumes ( ~ 1 ym? ) and provides information on the average dy-
namics (diffusion time) of the molecules under study [121], [122]. Of note is also
the super resolution techniques cited also above: stimulated emission depletion mi-
croscopy (STED) that has allowed FCS measurements of individual molecules on

nanoscale regions ( ~50 nm) in living cell membranes [123].

Alternative to the above mentioned far-field optical microscopy techniques are
the near-field optic methods which can achieve spatial resolution down to 10 nm by
localising the light field using metal coated tips [124], optical fiber probes with sub-
wavelength apertures [30] or plasmonic nano-antennas [125]. All techniques using
fluorescence are however limited by the intrinsic photophysical properties of single
quantum emitters like saturation, photobleaching and photoblinking which provoke
restrictions on the achievable photon fluxes. Moreover the induced phototoxicity
and perturbation (due to the labeling) further hinders their practical applicability
to living specimens. Ultimately, low photon fluxes result in low imaging quality and

loss of localization precision which is of great importance in SPT applications [126].

A different approach is the exploitation of the unique optical properties of metal-
lic nanoparticles by the means of far-field optical microscopy. It has been shown
that 2D detection and localisation of (relatively big, e.g. 40-50 nm diameter) gold
nanoparticles in living cells is possible via wide-field techniques such as DF mi-
croscopy [127] [33] and DIC microscopy [128]. The simple implementation of these
techniques provides a relatively facile way for SPT applications; they are however

limited by the scattering of the cellular environments.

By detecting the thermally induced refractive index change of the surrounding
of a AuNP, photothermal imaging (PTT) has recently tracked 5 nm gold beads in 2D
in live cells [129]. PTI is a pump-probe technique where a resonant (to the LSPR)
pump-heating beam is superimposed with a non resonant probe beam. However it
also suffers from background, namely photothermal contrast due to endogenous cell
absorption [41]. Furthermore the need to acquire from multiple spatial points in
order to localise the nanoparticle brings limitations to the acquisition speed of this
method.

A key point of the highly selective and background-free FWM technique used
during my PhD project that has not yet been showcased in this thesis is the the
dual-polarisation detection of FWM and reflection field in amplitude and phase. In
a very recent publication from Borri’s lab [44] Zoriniants et al. utilized this dual
polarization detection to demonstrate a novel method to determine the position of

a single AuNP —both theoretically and experimentally— with nanometric precision
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from scanless far-field optical measurements. The concept behind this approach
relies on the fact that a NP displaced from the focus center of the circularly polarized
input laser beam focused with high NA objective experiences a field distribution with
a non negligible cross-polarised component and as a result emits an electromagnetic
field directly associated to the NP’s radial and angular position. Although this
is the case for both reflected (2r) and FWM fields (FWM) it is only the FWM
signal that is background free and therefore suitable to be used for tracking in
complex biological environments. As shown on Figure 5.1, the ratios of amplitude
and phase Epw/Erwn (Arwar/Atwas and @rya, — ®hypras) are associated with
the displacement of the AuNP from the center focus while the axial position of the
NP is directly proportional to the co-polarised FWM field phase (® Ly ,,)-

Arwn | Afwm < R?
Dy~ Prym = 20 + const.

.
Dy o€ 2

Focus centre

Figure 5.1: Nanometric localisation using optical vortices. Calculated amplitude
(phase) components of the reflected probe field and FWM field A3, and A%y, (®3. and
<I>13§W ) respectively, as a function of particle position in the sample focal plane (z,y), and
in a section along the axial direction (zx,z) through the focus, where + refers to the co-
polarised component and - to the cross-polarised component relative to the left-circularly
polarised incident probe. The calculation assumes a perfectly spherical gold NP in the
dipole approximation. The inset shows a sketch of how the amplitude and phase of the
FWM field ratio and the phase of the co-polarised FWM field can be used to locate in
3D the spatial position of the NP relative to the focus center. Linear gray scale from —7
to 7 for all phases, and from m to M for field amplitudes, as indicated. The amplitude
ratio of reflected probe and FWM are shown on a logarithmic grayscale over 5 orders of
magnitudes. FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM REF. [44].
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Importantly, Ref [44] also demonstrates that the nanoparticle’s shape asymme-
try is a limitation in this technique, as an ellipticity of as little as 0.5 % can induce
a cross-circularly polarised field and eventually limits the accuracy of the in-plane
localisation. A way to overcome this issue is to have the nanoparticle freely ro-
tating in order to average the effect caused by the particle’s asymmetry over the
acquisition time. This idea alongside the need to mimic the diffusion of a nanopar-
ticle in a biological environment such as the cytosolic network led to performing
fast FWM measurements of AuNP of 50 nm diameter embedded in agarose gel
where the nanoparticle may freely rotate but not diffuse out of focus. These ex-
periments showed that it is possible to retrieve the in-plane position of the particle
with nanometric position precision, as discussed in detail in Ref [44]. In my PhD
project however I have only exploited the ability of the technique to provide the
axial position z, which is discussed in the following.

In this chapter, FWM and reflection images of freely rotating nominally spherical
50 nm diameter AuNPs in a 3D agarose water solution are shown, alongside a
preliminary study on the AuNPs dynamics in this matrix gel environment. This
has been done by analyzing the autocorrelation function of the z position derived

directly by the phase of co-polarised Epw.

5.2 Sample description

An overview of the sample layout is shown on Figure 5.2 and the sample description
is given below. All glass slides and coverslips that were used had been previously
cleaned thoroughly with acetone (purchased from Sigma-Aldrich®) and wiped with
high quality cleanroom wipes. The agarose-in-water solution (AS) was formulated
as follow: Firstly, 500 mg of agarose powder (Bioline Cat. 41025) was placed in a
conical glass beaker filled with 10 mL of deionized HyO in order to achieve a 5% w/v
AS concentration. The mixture was then boiled in a microwave for several intervals
of 20 s each until a homogeneous liquid was formed. Spherical AuNPs of nominal
50 nm diameter suspended in water were purchased from BBI Solutions ™/(Cardiff,
UK). They were diluted and added to the mixture in order to achieve an estimated
concentration of 10° NPs/mL. In order to have a well defined 3D volume of the
agarose gel-AuNPs emulsion, we created a chamber by using an adhesive imaging
spacer purchased from Grace Bio-Labs (SecureSeal™ imaging spacer). Specifically,
an adhesive imaging chamber of 0.12 mm thickness and a 13 mm diameter hole
was attached onto the glass coverslip used. 16 upl of the AS-AuNPs mixture was
pipetted into the chamber’s hole and then sealed with a glass coverslip of No. 1.5
bought from ThermoFisher Scientific ™(by Menzel Gléser).
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Figure 5.2: A. Sketch of the sample’s layout showing the chamber which enclosed the
AulNPs - AS gel mixture. B. High contrast DIC images taken on the FWM multimodal
microscope using a high speed CMOS PCO.edge 5.5 camera. Both images were obtained
by averaging 256 images with 100 fps speed and using the below formula I, = (It —
[7)/(I" +17), where I stands for an image obtained with +10 degree angle while I~
stands for an image obtained with -10 degree angle of the polariser in the de Senarmont
compensator (see also Ref. [130]). The left image corresponds to the AS mixture-inner
coverslip interface while the right one to an image obtained at +10pm axial depth in the
gel’s volume.

5.3 Experimental details

As always before the measurements of the sample under investigation, the set up
was aligned using the reference sample of gold film as described in section 3.1.3. A
Nikon - Plan Apo 60x water immersion objective with 1.27 NA (Nikon CFI Plan
Apochromat lamda series, super resolution) was used for focusing the overlapped
pump and probe beams as well as the signals’ (Es, and Epwy) epi collection. The
images and tracing scans were performed by moving the sample over the fixed laser
spot by means of the piezo-scanner. The results shown in this Chapter include:
i) 3D scans, where an zy (lateral) scan was acquired in sequentially step defined
z positions and ii) very rapid scans over time. The later scans will be named as
tracing scans and refer to measurements where after we have carefully identified a
freely rotating AuNP by 3D scan (or even by simple xy scan); we then give to one
of the lateral axis small movements (e.g 50 points over 50 nm) and the other lateral
axis an even smaller movement (e.g 1000 points over 10 nm) with less than 1 ms

pixel dwell time. This experimental approach makes the tracing scans being almost
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scanless over the NP area.

5.4 Data Analysis

In Zorininats et al. [44] experimental findings are shown on FWM measurements
of rotating 50 nm diameter size AuNPs embedded in 5% w/v AS and 3D single
particle tracking. Xy scans on various NPs revealed a central node at the Apyy,
and a phase vortex pattern with I=1' (Figure 5.3). By comparing these results with
theoretical simulations (also shown in Figure5.3), the rotational averaging hypothesis
was corroborated. As shown on Figure 5.1 the retrieval of the NP’s position in a
3D domain is feasible via the calculation of the ratios of amplitude and phase of the
FWM field as well as via the co-polarised FWM phase.

Notably these relations in Figure 5.1 refer to an 1=2 vortex, hence are altered for

the experimentally observed 1=1 vortex and take the forms below [5.4.1 - 5.4.3].

D ryyas X 2 (5.4.3)

Using these dependencies the 3D coordinates of a 50 nm nominally spherical AuNP
were extracted and compared with the ones taken from the piezoelectric stage of our
set-up. Importantly, a precision of 16 nm in x, y and 3 nm in z, at 1 ms acquisition
time per point were deduced from the experiment. The value in plane is consistent
with the estimated shot-noise limit, while the measured precision in z is larger than
the estimated shot-noise limit, and is dominated by the precision of the positioning

stage.

! An optical vortex has usually a topological charge number (1) which corresponds to an integer
indicating how many twists the field exhibits in one wavelength. This number is an integer multiple
to 2. When projected in 2D, an optical vortex has an amplitude which is zero in the center and
radially symmetric nonzero away from the center (i.e. looks like a ring), and a phase changing
with 1 times the in-plane polar angle.
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Figure 5.3: Rotational averaging of nanoparticle asymmetry. Single 25nm ra-
dius gold NP freely rotating while ‘encaged’ in an agarose gel pocket (see sketch). a)
Experimental x,y scan of the cross and co-circularly polarised FWM field in the focal
plane, using a 1.27NA water-immersion objective. Linear grey scale from —n to 7 for
phases, and from m to M for field amplitudes with M given relative to the maximum
A;;. The amplitude ratio is on a logarithmic scale over 4 orders of magnitudes. Pump
(probe) power at the sample was 70 uW (10 uW) with pump (probe) filling factor 2.15
(0.97). Measurements were performed with 0.5ms pixel dwell time, 0.5 ps pump-probe
delay time, and 13nm pixel size in-plane. Data are shown as spatial averages over an
effective area of 3 x 3 pixels. b) Time traces of the retrieved particle position coor-
dinates in 3D from the measured FWM amplitude and phase (symbols) compared with
the coordinates recorded from the scanning piezoelectric sample stage (lines). Traces are
binned to an equivalent 1 ms acquisition time. c¢) Calculated FWM field ratio assuming a
polarisation tensor that projects the longitudinally polarised field component into the x,y
plane. [FIGURE AND CAPTION REPRODUCED WITH PERMISSION FROM [44]]
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Chapter 5 5.4. DATA ANALYSIS

For the results shown on section 5.5 the following analysis was performed.

For the determination of the NP’s z position; the co-polarised FWM phase
(®Fyyas) Was used, as this phase is linear along the z-axis (5.4.3) and directly asso-
ciated with the displacement between the NP and focus centre. As explained in the
supplementary material of Zoriniants et al. [116] the linearity was verified experi-
mentally from rapid 3D scans as shown on Fig 5.4 and results in a slope 0z/09 =
37 nm/rad.

For each tracing scan the raw data were extracted as R and & part of the co-
polarised FWM field (Efyy,,) from the MultiCARS analysis software (see Chapter
3). From those we calculated the co-polarised amplitude and phase as Afyy =
VR2 + 32 and @y, = atan2(S, R). The z position was then retrieved via ®fyy 5, X
37 nm/rad. All the calculations and graphic plots were made in Origin ®. After
repeating the same procedure for each time repetition of the tracing scan, a new
Origin file with all the repetitions stitched one after the other was created and
interpreted. Histograms of the z position of the AuNP were also produced in order
to asses the frequency distribution (shown as counts for each bin) of the particle’s
axial position. In addition some further statistical analysis was performed in order

to evaluate the probability of the NP to exist in each dominant frequency-position.

In the last part of the results section we also show autocorrelation plots (G(t))
of the retrieved z position of the AuNP. This is a common tool (also used in FCS
analysis) in order to extract quantities of interest (such as diffusion coefficients)

usually by fitting the autocorrelation function with known functions. In our case
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Figure 5.4: Axial dependence of the co-polarised FWM field phase (@;W M) Versus z
(black line - experimental data) together with a linear fit (red line) giving a slope of 37
nm/rad. [TAKEN WITH PERMISSION FROM SM OF ZORINIANTS ET AL.]
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5.5. RESULTS AND DISCUSSION Chapter 5

the G(t) was computed via the in-built fast correlation algorithm of Origin corrl 2,
normalised and then with 1 subtracted in order to have values going asymptotically

to zero.

5.5 Results and discussion

The results of the investigation of the axial fluctuations retrieved from the phase
O Ly of the co-polarised FWMM are shown alongside their interpretation and an
outlook on the applications of our technique in the research field of SPT and NP
characterisation.

Beginning with xy raster scans and z-stacks we imaged nominally spherical 50
nm AuNPs in 5 % AS as shown in Figure 5.5 and noted their positions (given by the
piezoelectric stage) in order to later investigate each one and perform more imaging
and tracing scans. Importantly observing the montage of Figure 5.5 made by single
Xy scans over 15 z steps - starting from the interface and moving inside the AS - one
can see that the FWM channel is not affected by scattering provoked by the agar
network while the reflection channel reveals a structured background coming from
the agarose matrix gel throughout the imaged volume.

FWM imaging of a single 50 nm diameter size AuNP is shown in Figure 5.6
where xy raster scanned images of the co-polarised FWM (Afyy) and reflection
amplitude (Aj,) along with the cross-polarised FWM Amplitude (Apyy) and phase
(Ppwn)- Similar to the results shown on Figure 5.3 one can observe an optical vortex
1 =1 with a central node in the cross-polarised FWM enabled by the rotational
averaging. Zoriniants and co-workers have shown via theoretical simulations that
the 1=1 pattern can be tentatively attributed to NP’s chilarity (see also Figure 5.3)
[44]. Notably for the FWM imaging results shown in this thesis pump and probe
beams have the same diameter size unlike the results shown on Figure 5.3 where
the pump beam PSF at the sample was increased by a factor of two to enlarge the
region where a single NP could diffuse while still being excited by the pump field,
hence giving rise to FWM (this also increases the maximum cross-polarized FWM
amplitude).

Observing the experimental findings and after starting to analyse our data by
trying to retrieve the AuNP’s axial position, we formed the hypothesis shown on
Figure 5.7 where an initially immobile AuNP once illuminated with a tight focused

laser beam in our FWM set-up experiment, is become mobile through a local melta-

2Fast algorithm based on the correlation theorem. Let f(n) and g(n) be the input signals of the
same length M and y(m) the output signal which is calculated as:

y(m) = ZDM:BI f(n)g(n — m). In our case both f(n) and g(n) refer to the axial position time series
#(t)
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Chapter 5 5.5. RESULTS AND DISCUSSION

(b) Afwu

Figure 5.5: Montage of experimental xy scans over 15 z steps (0.5 pm step size) of the
co-polarised reflection (A3,) and FWM (Afy,,) fields showing the distribution of 50 nm
AuNPs in 5 % AS. Pump (Probe) power at the sample was 10 pW (5 pW). Experimental
data were acquired with 0.5 ms pixel dwell time, 0.5 ps pump-probe delay time and 11.7
nm pixel size in-plane.
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A+

2r

M

IIIl

Figure 5.6: Raster scan images indicating rotational motion leading to field averaging
of nanoparticle asymmetry. Single xy images of a single 50 nm AuNP in 5 % AS of [left
to right] the co-polarised reflection A, and FWM A{,, amplitude as well as the cross-
polarised amplitude Ay, and phase ®py,- Pump (Probe) power at the sample was
7.5 pW (3.75 nW). Experimental data were acquired with 1 ms pixel dwell time, 0.5 ps
pump-probe delay time and 18 nm pixel size in-plane. Linear grey scale from —= to « for
phases, and from m to M for field amplitudes, with M given relative to the maximum A;r.

bility of the AS and can eventually become freely rotating while being enclosed in
a confined pocket (‘caged’ particle behavior) or jump between two (‘jumping’
particle behavior). The rest of the results shown in this chapter are a preliminary
analysis based on the axial position of the particle in order to derive conclusions on

the NP’s diffusion mechanism inside the agar matrix gel.

A

B Pocket 2

Pocket 1

Figure 5.7: A. A tight focused laser beam locally melts the AS and set ‘free’ the AuNP
B. Diffusion of AuNP bewteen two pockets of the Agar network. On the sketch we have
identified with t; the characteristic time constant of the constraint diffusion within one
pocket and with to the characteristic time constant of the ‘jumping’ between two pockets.
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Chapter 5 5.5. RESULTS AND DISCUSSION

As mentioned in the previous sections, I measured the z coordinates directly by
the co-circularly polarised FWM phase ® 1,5, and by simply plotting an histogram
of the axial coordinates as shown on Figure 5.8 the NP’s diffusion behavior can be
observed. One can easily distinguish that the AuNP is ‘caged’ in two gel pockets
located around the axial positions z ~ 60 nm and z ~ 150 nm while also ‘jumps’
between them. In each pocket the co-circularly polarised FWM amplitude (shown
in the top part of Figure 5.8) is significant strong indicating that the AuNP remains

in focus while the scan was acquired.

6.0E-4 |-
S 4.0E-4 |-
=
. £ 2.0E-4 -
<
0.0 -
| | ! | |
50 100 150 200
300 |-
) I
iy
= 200 ?
=
8 -
100 -
0 1 A |
50 100 150 200

Z position (nm)

Figure 5.8: Histogram of the derived AuNP’s axial position alongside the corresponding
amplitude co-circularly polarised field (A;SWM) indicating that the NP is ‘caged’ and jumps
between two pockets. Data were acquired with 1 ms dwell time and and pump (probe)
power 7.5 (3.75) nW before entering the microscope.

Multiple tracing scans were acquired over time enabling us to perform some
further statistical analysis regarding our hypothesis that, following NP heating from
the laser beam and melting of the local AS environment, the particle diffuses between
pockets formed by the agarose matrix. To that end, we plotted the histogram of six
repeated tracing scans which were ‘stitched’ in time one after the other and the result
of this was fitted as shown on Figure 5.9. On these plots, the overall histogram of
the axial position is firstly shown (5.9) where the two peaks —indicating the two gel
pockets— cannot easily be distinguished. Therefore we fitted the two center ‘pocket’

peaks shown as Fit Peak 1 and Fit Peak 2 respectively on 5.9 on top of a cumulative
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fit including all the center bins of the histogram. Thus, we calculated the probability
of the AuNP to reside in each pocket as:

Area of Fit Peak 1
Poocket 1 = - - =59.34+18.9 5.5.1
pocket 1 A verall cumulative Fit area % ( )

Area of Fit Peak 2
Poocket 2 = y - =48 + 18 5.5.2
pocket 2 Overall cumulative Fit area % ( )

We thus deduce that the AuNP has about an equal probability to reside in each
pocket.
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Figure 5.9: (Top) Histogram of the z coordinates of multiple tracing scans (Bottom)
Fitted lines for each of the center bin peaks alongside a cumulative fit for all the center

bins of the above histogram. From the areas underneath the fitted lines the probability of
the AuNP to be each pocket was calculated as explained in the text.

105



Chapter 5 5.5. RESULTS AND DISCUSSION

As a next step of the NP’s diffusion study based on the particle’s axial position
we autocorrelated the time series of the retrieved NP’s z position. In order to be
able to gain some further information on the type of diffusion that we observe, we
fitted the autocorrelated experimental data of z(t) (shown with black line) with two
formulas as shown in Figure 5.11. We used an exponential fitting formula 5.5.3
(green colour in Figure 5.11) and a common anomalous diffusion fitting formula

5.5.4 (magenda colour in Figure 5.11).

G(t) = Ge~ M”41 Gye=t/t2) (5.5.3)
1 1

G(t) =G + Go—r 5.5.4

Q T @) T () (054

Both formulas seem to come in agreement with our experimental data giving
similar values of the two characteristic times of our systems with average values of
t; = 2.3 ms for constraint diffusion time and ¢, =2.9 s for jumping time as

also shown on Figure 5.11.
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Figure 5.10: Time traces of the amplitude (Afy,;) and phase (@) of co-circularly
polarised FWM signal derived from tracing scans obtained with 1 ms dwell time and pump
(probe) power at 7.5 (3.75) pW before entering the microscope. The axial position time
series z(t) follows the behaviour of the co-circularly polarised phase () as is derived
by that.

In addition to these results, traces were also analysed by calculating the mean
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5.5. RESULTS AND DISCUSSION Chapter 5

square displacement (MSD)? as a function of time lag (t1,) ([120],[131]) which
showed a sub-linear dependence and saturation of the MSD versus ;44 as outlined

in Zoriniants et al.[44] where the Figure 5.12 is taken from.

0.035 |- ~ Autocorrelated data of AuNP's axial position Pocket 2
\ Exponential fitting formula
0.030 .\ Anomalous diffusion fitting formula
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Figure 5.11: Autocorrelated data of the retrieved axial position (black line) of a single
AuNP in agarose gel fitted with two different type of anomalous diffusion models (colored
lines) indicating an internal diffusion time (¢1) and a jumping time (t2) between the two
agar pockets as explained in our hypothesis.

The observed behaviour suggests a confined diffusion mechanism within a ma-
trix agarose gel 'pocket’ and a jumping mechanism for diffusion between two (or
even more) gel 'pockets’ This interesting behaviour has also been the subject a
recent publication of Cai et al. [132] where they propose a hopping mechanism for
NP’s diffusion defined by topological constrains in untangled or entangled polymer
environments (such in our case is the agarose matrix gel) and entangled polymer
liquids.

In conclusion, this Chapter highlights the additional capability of axially tracking
of single AuNPs with the FWM technique used in my PhD project and comprises
a preliminary analysis on the study of the diffusion mechanism of a single 50 nm

AuNP embedded in an agarose gel environment.

3more details can be found in [116]
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Figure 5.12: Analysis of axial position time traces acquired at 0.2 ms time per point.
[FIGURE AND CAPTION TAKEN WITH PERMISSION FROM REF [116]]

Specifically, we have demonstrated experimentally axial tracking of nominally
spherical 50 nm AuNPs in 5% AS based on the detection of the co-polarised FWM

field phase. By analysing the time traces of a single particle’s axial position and

performing statistical and autocorrelation analysis we observe that the AuNP dif-

fuses within one gel pocket with a characteristic time constant of 2.3 ms while it

can also ‘jump’ to another pocket with a 2.9 s characteristic time constant.

Owing to the background-free capability of our FWM detection, this technique

opens new frontiers towards single particle tracking in complex and heterogeneous

environments.
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SUMMARY AND OUTLOOK

In this thesis, we have demonstrated the application of our recently developed dual-
polarisation FWM imaging modality in heterodyne detection, in order to image
a variety of AuNP-fluorophore conjugates (10nm < AuNP < 40nm) in cells and
ultimately investigate their intracellular fate via correlation with the fluorescence
emission from the labelled part of the construct. The technique enabled us to image
background free and selectively AuNPs down to 10 nm diameter in highly scattering
and autofluorescent cellular environments with high 3D spatial resolution owing to
the nature of the detected FWM signal originating from the nonlinear light-matter
interaction with the free electron gas of the metal. The main goal of this work was
to spatially correlate the FWM signal of the AuNP for each construct with the fluo-
rescence signal coming from the fluorescently labelled part of it and investigate the
cellular fate of the AuNP construct for each sample. This was done in a range of
samples synthesized both in-house, in collaboration with Cardiff School of Pharmacy
and Nottingham School of Pharmacy, as well as by using commercially available con-
structs. Despite the fact that fluorescently labelled gold nonparticipants are widely
used in correlative microscopy techniques, detailed studies regarding the integrity
of these constructs following their cellular entry are only a few [133], [134]. An
overview of the current research landscape and the scientific motivation of the thesis
was given in Chapter 1. There, the recent advances of nanotechnology in biomedical
applications, focusing on AuNPs and specifically their use in linear and nonlinear
microscopy as well as their bioimaging applications were discussed. The remarkable

progress in the design and study of nanomaterials towards biological applications
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Chapter 6

points out that the implementation of plasmonic metallic NPs is among the most
promising platforms for target-specific delivery of therapeutic agents, cancer diag-
nosis, photothermal therapy and optical labeling. The above assets are related to
the strong and photostable optical properties of AuNPs at their localised surface
plasmon resonance (LSPR). Overall, the results of this work further demonstrate
the capabilities of AuNPs to act as unique optical probes, in this case owing to their

resonant four-wave-mixing nonlinearity at the LSPR.

Chapter 4 encompasses all the major results on spatially correlative FWM - flu-
orescence microscopy and demonstrates FWM detection of nominally spherical gold
NPs of various sizes (10 nm to 40 nm in diameter) in fixed human and mice cells
fluorescently labelled with plasma membrane receptors targeting endocytosis mech-
anisms. Tables 4.1 and 4.2 summarise the different types of conjugated AuNPs-
fluorophore which were synthesised via both in house and commercially available
protocols and were examined via correlative FWM-fluorescence microscopy. In con-
clusion, the samples exhibited very poor signal correlation resulting in lack of colo-
calisation between the FWM and fluorescence signals. Wherever possible, this was
quantified via calculating the image’s cross correlation coefficient, r,,, (also known
as Pearson’s) and Mander’s overlapping coefficient for the FWM channel, Mpw\y,
after implementing a series of steps which comprised our correlation analysis. The
reasons for this lack of correlation can vary depending on the construct and sam-
ple preparation used, thus an in depth analysis can be found at the results and
discussion section for each sample. Overall, the possible reasons for the lack of colo-
calisation between fluorescence and FWM signal belonging to the same construct for
this study can be summarised here as follows: inherent limitations of fluorescence
detection, such as photobleaching effects because of high photo-excitation inten-
sities; fluorescence quenching when in close proximity to metallic NPs; unbound
fluorophores and/or proteins in the initial stock solutions used in cells during the
sample preparation protocols; break down (dissociation) of the construct (AuNP-
fluorophore) during cellular internalisation or the several washing steps; degradation
of the AuNP-fluorophore conjugate as a result of the long ‘chase’ times in some of
our sample cases (i.e. for the 40nm AuNP-SA:Bi-Tf-A647 sample, ‘chase’ time was
6 hours); lack of contrast in the presence of cellular autofluorescence limiting the

applicability of our correlation analysis for some of the samples.

These observations manifest the limitations of only relying on fluorescence imag-
ing for bioimaging studies and emphasise the need for detailed study of the fluo-
rescently labelled bioconjugated construct prior the final sample preparation and
imaging stages. The influence of the construct’s spacer, the bond type of conjuga-

tion between the constructs alongside the whole construct;s size as well as the NPs’
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size itself, are factors that need to be examined and taken into consideration in
early stages of the research. As indicated by the thesis’ outcome, it is of paramount
importance that the fluorescently labelled AuNP constructs are equally tested for
their photophysical properties as for their biological properties and intracellular be-
haviour. If fluorescently bioconjugated gold NPs are chosen as fiducial markers for
biological studies, we suggest imaging of the labelled NP solution itself, prior to
the biological sample preparation and cellular imaging. For example, correlative
wide-field fluorescence and extinction measurements could be performed in order
to properly examine the colocalisation of the NP (extinction) with the fluorophore
before the cellular experiments. Importantly, our results are consistent with the
recent publication of Miles et al. [48], which further highlights the drawbacks of

fluorophore tagging that can lead to misinterpretations.

In addition to imaging, in Chapter 5 we exemplified the application of FWM for
single particle tracking. As demonstrated in Ref. [135], [44], our technique is able
to track single NPs with nanometric precision in 3D by exploiting the optical vortex
field pattern in the focal plane of a high numerical aperture objective lens. In this
work, a freely rotating AuNP of 25 nm radius in a dense agar network (5% w/v) was
studied and the diffusion of it based on the axial coordinate was retrieved from the
information carried by the phase of the co-circularly polarised FWM signal. The
results showed that the NP is ‘caged’ in an agarose pocket withing a couple of mil-
liseconds and then ‘jumps’ to a neighbor pocket in a timescale of a couple of seconds
(Figure 5.11). All in all, the set-up features simultaneous correlative FWM-confocal
fluorescence and alongside its capability for nanometric precision in 3D (shown in
Chapter 5 -only for axial position- and further analysed in Zorininats et al.), our
technique is able to image and locate AuNPs down to 10nm radius in a way that was
previously not feasible, especially in highly scattering cellular environments. This
approach opens new prospects towards an in-depth understanding of the intracellu-

lar fate and integrity of bio-conjugated AuNPs within biological networks.

As a proof-of-principle that our technique is applicable for live cell imaging, a few
preliminary experiments were performed, toward the end of this project achieving
FWM imaging of 20 nm AuNPs in live 3T3-L1 cells (see Appendix D). The aim of
these experiments were to explore the feasibility of our FWM imaging technique in
live cells and assist our research group to establish a set of experimental steps for
FWM imaging in live cells. The first observations were encouraging and since there
are no equipment or hardware limitations, more experiments should be performed
in this research area to identify all the experimental parameters for live cell imaging
in our set-up. Importantly, some of the first factors that will need to be determined

are: optimisation of the power levels on the sample in order to keep signal-to-noise
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ratio high but also keep the cells in healthy state, optimisation of the acquisition
and dwell times, as well as identifying the limitations of the sample’s viability under
various imaging parameters on our set-up.

All in all, the results in this work suggest that future work should be devoted to
demonstrate FWM imaging and tracking of single AuNPs in living cells, addressing,
for example, the kinetics of bio-conjugated metallic NPs in confined biological re-
gions such as intracellular vesicles, or synapses of neurons. Another very promising
future direction of FWM imaging is also its applicability to correlative light electron
microscopy, using the AuNP as a single optical probe without the need for dual

labeling.
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APPENDIX A

A.1 Investigation of thermoresponsive PC-50 nm

AuNPs via absorption spectroscopy

A.1.1 Introduction

The project initially involved monitoring of thermoresponsive PC-AuNPs function-
alised with Tf in order to demonstrate transport of the Tf~-PC-AuNP into the recy-
cling cell pathway upon temperature stimulation. Being able to primarily charac-
terise test-solutions based on their linear optical properties and get a better under-
standing of their temperature dependent behaviour with a simple Vis spectroscopy
set-up was the goal of the measurements presented in this section. To do so, several
batches of thermoresponsive PC-AuNPs of 50 nm diameter in buffer solutions were
fabricated by our collaborator at Nottingham School of Pharmacy and were tested
via temperature-dependent absorption spectroscopy measurements in Cardiff.

It is worth mentioning that nowadays huge research interest is focused on the
polymer-decoration of AuNPs for various purposes in the fields of biomedicine [109],
[136], [137], [138], [139] and advanced material science [110], [140]. In concept, the
‘stimuli-responsive’ polymers grafted on the surface of the NPs are meant to undergo
relatively large and abrupt conformational changes (Fig. A.1) owing to an external
stimulus. For an extensive description of different polymer modified AuNPs used in
recent years refer to the reviews by D.Li et al.[141], M.Ward et al. [110] and F.Liu et
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al. [140]. In our case, the stimuli response of the polymer chain is attributed to the
temperature change in the solution, leading to an hydrophobic phase (and in turn
polymer chain collapse) above a specific temperature pre-defined for each polymer
solution. As previously mentioned, with these measurements we aimed to verify not
only the reversibility of the thermoresponsiveness of different polymers grafted onto

the 50 nm AulNPs but also test if there is aggregation upon temperature increase.

+ Stimulus

L
- Stimulus

Figure A.1: Scheme of the change of the conformational structure of the polymer
chain on the AuNP’s surface. In our case the external stimulus of the PC-AuNPs under
investigation is the temperature. [FIGURE REPRODUCED WITH PERMISSION FROM REF
[141].]

A.1.2 Samples

The PC-AuNPs were fabricated following chemistry protocols from expertise avail-
able in house in collaboration with the group of C. Alexander at the School of Phar-
macy at Nottingham University [113], [111] , [136]. They have previously shown
with in vitro studies that heating (40 °C) of PNIPAm'-coated AuNPs above their
lower critical solution temperature (LCST) (37 °C) resulted in cellular internalisa-
tion [112]. They have also proved that thermoresponsive polymers can be used to
reversibly mask ligands —such as thiolated biotin or folic acid- by a local temperature
gradient application [111].

Several samples were received during the initial stage of the project, the ones

reported here are shown on Table A.1.

The common characteristic of these samples is the type of thermoresponsive
polymer used to coat the metallic surface. In general, thermoresponsive polymers
belong to the wide group of ‘smart’ materials and are able to respond to a change

in temperature. Thermoresponsive polymers can be classified into two main groups,

! Poly(N-isopropylacrylamide)
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Sample Diameter of AuNP (nm) Tfligand Fluorescent Label

JPM 400 50 nm No No
JPM 487 50 nm Yes A488
JPM 491 50 nm Yes A488

Table A.1: Summary of thermoresponsive PC-AuNPs measured via absorption mi-
croscopy manufactured by our collaborators at Nottingham University.

lower critical solution temperature (LCST)-type phase transition and upper critical
solution temperature (UCST)-type phase based on whether their wettability de-
crease (increase) upon increase (decrease) of temperature respectively [110], [140].
In our case, the thermoresponsive polymer is a LCST type, i.e. upon heating above
a specific transition temperature, the state of an LCST polymer changes from more
hydrophilic to less hydrophilic. In terms of change of the sample’s structure, the
polymer brushes (LCST part of the sample) are expected to ‘collapse’ and ‘reveal’
the Tf ligand ( ‘hide-reveal’ property).

Although all the samples consist of the same AuNP size (50 nm diameter), the
thermoresponsive polymer (LCST) which surrounds the particle changes based on
the synthetic chemistry planned by our collaborators at Nottingham University.
The first solution (JPM 400) was composed of 50 nm AuNPs coated with a primary
LCST polymer. The other two samples (JPM 487, JPM 491) were additionally
fluorescently labeled with A488 which was bound to the Tf. In addition, JPM 491
was functionalised with an extra amphiphilic polymer (MPC) aiming at exhibiting a
stronger hydrophilic behaviour than the previous batches. In theory, upon transition
the LCST part of this sample would collapse while the additional MPC shell is still
hydrated. In this case the solution was expected to aggregate significantly less than
JPM 400 and JPM 487 upon heating.

All the samples were diluted in PBS (pH 7.4) resulting in a final concentration
of 1.36 x 10" AuNPs/mL for JPM 400 and in a 0.45 x 10" AuNPs/mL for JPM 487
and JPM 491. The solutions were placed in a 1 cm path length plastic disposable
cuvette (macro type, Greiner bio-one). Absorbance spectra were recorded over a
temperature range of 20 °C to 70 °C with 5 °C steps. At each temperature, the
sample was allowed to equilibrate for an average time of 5 minutes before the spectra

were recorded.

A.1.3 Temperature dependent spectroscopy measurements

In this section a series of temperature-dependent absorption spectra are shown for
all three samples: JPM 400, JPM 487 and JPM 491.
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All the samples at room temperature present an absorbance peak around 531 nm,
as expected for spherical AuNPs of this size in aqueous environment [142]. In more
details, for the JPM 400, upon temperature increase, a red shift and broadening
of the peak is observed along with a significant decrease of the intensity. Previous
studies have shown that nanoparticle aggregates of growing size exhibit an increas-
ing red shift and broadening of the surface plasmon band [143],[67]. This suggests
that the red shift, broadening and decreasing absorption intensity exhibited by the
JPM 400 sample (Fig. A.2) is due to the formation of aggregated particles as the
temperature is increased. In Fig. A.3 the temperature-dependence of the absorption
of the sample at 531 nm is displayed. The transition temperature of the sample can
be extracted by the first derivative of this curve. Using this method, a transition
temperature of 50 °C is calculated for JPM 400, which is very high for cell appli-
cations. Extended absorption measurements upon several heating cycles (Fig. A.4
- A.6) have been made in order to understand the time-response of the change of
the polymer’s state from hydrophilic to hydrophobic. All lead to the result that
the phenomenon is neither reversible nor reproducible for this sample. The sample
appears to form aggregates upon heating, as would be expected due to the more
hydrophobic nature of the polymer, however it does not recover to its initial state
upon cooling. Control measurements acquiring absorption spectra over time (in a
45 minutes total) at constant temperature were also taken and are shown in Fig.
A.7 indicating that in these conditions the spectra are stable over time, hence the
observed changes in Fig A.2, A4-A6 are due to the effect of temperature. As a result,
JPM 400 was not investigated further as its behaviour was not suited for further

applications in cells.

Samples JPM 487 and JPM 491 appear to have a transition temperature around
34 °C - 35 °C (determined by the synthetic chemistry lab in Nottingham) which is
biocompatible for future live cell applications. In terms of absorption spectra they
appear not to form aggregations over temperature rise as shown in Fig. A.8 and
Fig. A.9. This suggests that the addition of the hydrophilic MPC? shell indeed was
preventing aggregation after collapse of the LCST polymer.

22-Methacryloyloxyethyl phosphorylcholine
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Figure A.2: Vis-NIR absorption spectra of the firstly received 50 nm polymer coated
AuNP sample, JPM 400, from 20 °C to 70 °C.
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Figure A.3: Maximum absorbed intensity at the LSPR peak of 531 nm versus temper-
ature. The transition temperature is found to occur at 50 °C.
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Figure A.4: Vis-NIR absorption spectra of the firstly received 50 nm polymer coated
AuNP sample, JPM 400, from 30 °C to 70 °C one day after the first cycle of heating shown

on Fig. A.2.
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Figure A.5: Vis-NIR absorption spectra of JPM 400 at temperatures between 35 °C
and 55 °C with 5 minutes intervals at each temperature. The temperature was changed
every b minutes going from lower to higher temperatures and then back as the inset graph
shows. The smaller graph T=f(t) on the top right indicates the temperature steps and
the time intervals staying at each temperature.
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Figure A.7: Control measurement. Vis-NIR absorption spectra of JPM 400 for 45
minutes at constant temperature (room temperature). The behaviour of the investigated
solution, i.e. PBS, was found to be stable over time.
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Figure A.8: Vis-NIR absorption spectra of sample JPM 487 from 20 °C to 65 °C.
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Figure A.9: Vis-NIR absorption spectra of sample JPM 491 from 20 °C to 65 °C.
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A.1.4 Summary

Although we received several samples of PC-AuNPs from our collaborators; un-
fortunately most of them did not match basic requirements for monitoring their
uptake in cells based on the ‘hide-reveal’ property of the thermoresponsive polymer
coated shell. To conclude, a batch of PC-AuNP without Tf (JPM 400) was ini-
tially characterized in its thermo-responsiveness by absorption spectroscopy upon
several heating cycles. The sample was prone to formation of aggregates, exhibited
a non-physiological transition temperature at 50 °C, and showed a non sufficiently
reversible behaviour. Therefore it was discarded, being unsuited for subsequent
use in cellular applications. Two more PC-AuNPs solutions functionalised with Tf
(JPM 487 and JPM 491) were measured exhibiting a more physiological transition
temperature and a stable behaviour without the formation of aggregates upon tem-
perature increase. They were later tested by our co-workers in order to examine
their cellular uptake. Despite the fact that the PC-AuNPs-Tf 3 were internalized
via clathrin-mediated endocytosis, it was also proved that their cellular uptake was
not temperature dependent and therefore no further research took place on these
samples within my PhD project.

Finally, this specific collaboration with Nottingham and Cardiff School of Phar-

macy ended in December 2015, and we had no access to additional samples.

3the experiments of cellular uptake were performed with AuNPs of 15 nm diameter
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APPENDIX B

B.1 Optical resolution of FWM imaging

Here are displayed some experimental measurements of the resolution of our FWM
imaging modality in two different samples. A single nominally spherical 60 nm
AuNPs covalently bound onto glass (Figures B.1 and B.2) and single 20 nm biocon-
jugated AuNPs embedded in cells —-Sample 3 of 20 nm AuNP-8D3-A647 in 3T3-L1
cells- (Figure B.3) were imaged on our multi-modal microscope via FWM using a
100x, 1.45 NA oil-immersion objective. The experimental determination of the full
width at half maximum (FWHM) from the co-polarised FWM field amplitude pro-
vides an estimate of our optical resolution. Note that in our technique, the field
amplitude is measured, as opposed to its intensity. In other words the measured
widths are larger (by a factor v/2 if we assume Gaussian profiles) than what would
be obtained by measuring the intensity point-spread function. Notably fluorescence
detection techniques are typically based on detecting intensities, and accordingly

quote intensity PSF widths.
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Figure B.1: Lateral resolution (xy) of our FWM imaging modality experimentally
determined by the FWHM of the FWM co-polarised field amplitude on a single 60 nm
spherical AuNP at the center of the laser focus beam collected with an oil-immersion 100x,
1.45 NA objective.
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Figure B.2: Axial resolution (xz) of our FWM imaging modality experimentally deter-
mined by the FWHM of the FWM co-polarised field amplitude on a single 60 nm spherical
AuNP at the center of the laser focus beam collected with an oil-immersion 100x, 1.45 NA
objective.
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Figure B.3: Experimental determination of both lateral and axial resolution
of FWM when imaging AuNPs in cells.

Lateral (top left) and axial (bottom left) resolution determined from the FWHM of the
FWM co-polarised field amplitude on a single 20 nm spherical AuNP embedded in cells at
the center of the laser focus beam. On the right a 3D representation of a FWM raster scan
of the sample where the yellow dashed lines represent the xz and yz slices of one AuNP.
The difference in the axial resolution seen here compared to the value shown for the 60 nm
AuNP in oil (Figure B2) could be possibly attributed to the lower index of the cell medium
due to their high concentration in water (compared to the mowiol medium surrounding).
This would lead to additional spherical aberrations when going into the cells.
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APPENDIX C

C.1 Competition of 15nm AulNP-PC-Tf(A488) with

excess Tf

To determine whether 15 nm AuNPs-PC-Tf-A488 are internalized in a receptor-
mediated (TfR) or independent manner, Tf competition experiments were per-
formed. These experiments were done by our collaborators in Cardiff School of

Pharmacy and further analysis on those can be found at Ref. [109].

The images below show fluorescence images of live HeLa cells with or without Tt-
Bi solution under 488 nm excitation and a 100x, 1.45 NA oil objective in the confocal
fluorescnce microscopy of Cardiff School of Cardiff. The protocol included seeding of
HeLa cells on MatTek dishes for 48h. Fig. C1 (Fig. C2) was incubated with 0 pg/ml
( 50 pg/ml) non-fluorescent Tf-Bi in medium (DMEM with BSA and HEPES) and
and a concentration of 4.25 x 10'? AuNPs/mL of 15 nm AuNP-PC-Tf(A488) sample
reference name JPM521 for 2h at 37° C. Addition of the free Tf was expected to
out-compete the 15 nm AuNP-PC-Tf(A488) binding to Tf-receptors (note the excess
concentration of Tf-Bi, nearly 100 times larger than the AuNP concentration), and
thus reduce internalization of the AuNPs through Tf-mediated route. These results
confirmed that the main route of internalisation of the 15 nm AuNPs-PC-Tf-A488

was via the Tf-mediated endocytic pathway.
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Figure C.1: 0 pg/ml non-fluorescent Tf-Bi. 10 pm scalebar.

Figure C.2: 50 pg/ml non-fluorescent Tf-Bi. 10 pm scalebar.
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APPENDIX D

D.1 Preliminary experiments on FWM imaging
of 20nm AuNPs in live 3T3-L1 cells

Preliminary experiments of simultaneous FWM and epi-confocal fluorescence imag-
ing on 20 nm AuNPs covalently attached to fluorescently labelled (A647) 8D3 anti-
TfR antibody in live 3T3-L1 cells (see Sample 3 of Section 4.4) are presented.

3T3-L1 cells were grown on No. 1.5 thickness 25 mm diameter circular coverslips
(Fisher Scientific) and on the day of the experiment were incubated for 30 min in
serum free media and then with the Antibody-AuNP solution while mounted on
a glass slide using an adhesive imaging spacer! of 0.12 mm thickness and a 13
mm diameter hole. The sample was then mounted onto the microscope’s sample
holder. In order to heat and keep the sample’s temperature as close to 37°C as
possible, objective and condenser heaters were used. The heaters were purchased
by K.F.Technology and have the form of strips which can be wrapped around the
optical components (in our case condenser and objective) and secured by means of a
velcro strip. The temperature of the sample was monitored by temperature sensors
attached onto the sample and kept at 37°C.

The set-up was aligned using the reference sample of gold film as described in
section 3.1.3. A Nikon - Plan Apo 60x water immersion objective with 1.27 NA

(Nikon CFI Plan Apochromat lamda series, super resolution) was used for focusing

Ldescribed in Section 5.2
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the overlapped pump and probe beams as well as the signals’ (FWM and fluores-
cence) epi collection. The 1.34 NA oil condenser was used for DIC imaging alongside
the 1.5x tube lens. Pump and probe laser power were measured at the sample to be
50 pW and 25 pW respectively. Two types of scans were acquired: (i) xy raster scans
which gave an overview of the cell region (see Figure D.1), (ii) ‘fast scans’ in tempo-
ral sequence which gave an overview of the live kinetics of the AuNPs in the scanning
region (see Figure D.2). A video comprising 15 temporal repetitions of a 10x10 pm
scan of this sample can be found at this link: https://youtu.be/DVJIJIwjwpVlio.

Despite the preliminary nature of these experiments, it is noted that the fluores-
cence signal is not colocated with the FWM signal from the AuNPs.

The aim of this experiment was to explore the feasibility of our FWM imaging
technique in live cells and establish a practice towards that direction. The images
presented here are examples of FWM imaging and tracking of AuNPs and show
the potential of our technique in addressing kinetics of bio-conjugated of AuNPs in

biological environments.
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Figure D.1: Preliminary experimental results on simultaneous FWM-fluorescence imaging of 20nm AuNPs in live 3T3-L1
cells. DIC images (a, e) of two different cell regions (Region A and B) where the highlighted rectangular shows a 30x30 pm cellular region
imaged simultaneously via FWM (b,c and f,g) and epi-confocal fluorescence (d, h). The co-polarised reflection, A, (b,f) and cross-polarised
FWM, Apws (c,8) and fluorescence channels (d,h) were acquired with 0.5 (0.4) ms dwell time for Region A (B) and 72 nm pixel size. The

scale bar for the FWM /confocal images is 5 pm. The intensity scales in measured units (Volts, and photoelectron/s) are shown alongside the
respective images.
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Figure D.2: Montage of fast scans on simultaneous FWM-fluorescence of
20nm AulNPs in live 3T3-L1 cells. Rectangular raster scans of 14x5 pm acquired
with 0.5 ms dwell time leading to a 6s per frame speed are shown every 5 repetitions
(equal to 30s) side by side. Single 20 nm AuNPs undergoing endocytosis are detected
simultaneously with confocal fluorescence.
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