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Abstract

Non-small cell lung cancer (NSCLC) is the result of tumour development from
genetically -mutated epithelial cells lining the surface of the lung. Clinical response

to treatments is ge nerally gauged by comparing tumour sizes pre- and post-
treatment on computerised tomography. If no responseis observed, it is difficult to
understand why the patient is not responding to treatement.  Measuring the success
of the drug at the intracellular level, for example: drug entry, accumulation and
binding to its active site, can be difficult to observe directly when the drug is not
labelled. Being able to determine the intracellular accumulation (concentration),
biological effect and fate (metabolism or degradation) of the drug could inform pre -

clinical development of future generations of drugs

The purpose of this study was to functionalise a nanoparticle (NP) with an anti-
cancer drug to be intracellularly imaged without the use of a dye. The aim was to
track the uptake, distri bution and release kinetics of the small molecule drug from
the NP conjugate within the cell at clinically relevant levels. Here, the inherent
chemical signature of the small molecule tyrosine kinase inhibitor (SM -TKI) erlotinib
(EL) that targets a mutant epidermal growth factor receptor (EGFR), was selected
as a proof of concept for optical imaging in cancerous cells. The alkyne bond within
EL was detected with the vibrational spectroscopy technique, Raman
microspectroscopy. Raman scattered signals can be enhanced when the analyte is
associated with the surface of a NP (surface enhanced Raman spectroscopy (SERS)).
Two metals were compared for signal detection, namely gold and silver NPs. Once
EL conjugate imaging was achieved, the anti-proliferative efficacy and cytotoxicity

of the NP conjugated erlotinib to the free drug was assessed

EL-NP conjugates were characterised in solution and mapped in fixed cells by SERS
at 300 nM EL. This was a high resolution time-lapsed intracellular localisat ion study.
The alkyne signal from silver conjugates were found to occupy more of the cell
volume over time 32.6%versusgold 0.2% of the cell volume at 24 hours. The dynamic
release of EL from the silver NP was observed from 4 hours by tracking a Raman
shift of the alkyne vibration from bound to free -EL. The intracellular uptake was
confirmed via correlative dark -field (DF) microscopy, single particle inductively
coupled plasma- mass spectrometry (spICRMS) and TEM. Conjugates wee present
at 1-10,000 particles per cell and a final concentration of 39 nM EL was delivered.
The fate of gold NPs were illustrated by TEM to be different when compared to the
silver, as they tend to accumulate more in membrane bound organelles than the

silver NPs. This is likely to have consequences for the efficacy of drug responses. A
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microfluidics device was also employed to demonstrate the potential for 3D SERS
imaging at physiological conditions to monitor conjugated EL in real-time. This is
the firs t example of a dye -free SERS approach for drug detection within cells using

3D mapping and a microfluidic device for live cell imaging.

Cell viability was assessed during a fluorescent image time -course study to evaluate
the cytotoxicity and efficacy of th e nano-delivery method employed versus parent
(free) drug formulation. It was found that the silver NP conjugate was almost as
effective as the free drug. In contrast, the gold NP conjugate was completely
ineffective on EL -sensitive cells. It was shown that that NP toxicity on cells must be
determined empirically per NP and per cell type, as the EL -insensitive cell line was
far more susceptible to silver NP toxicity than the EL -sensitive cell line.

Examining the inhib ition of EGFR phosphorylation elucidated reduced expression
levels in EL-silver NP conjugate treated cells, the gold counterpart had no effect on
inhibiting activation of EGFR. This was demonstrated by immunofluorescent imaging
for localisation and Western immunoblots for quantitation (of phosphorylated/total
EGFR (p/tEGFR) protein). Functional proteomics in the form of reverse phase
protein array (RPPA) analysis was carried out to assess the downstream effects of
the conjugates compared with unconjugated ( free) EL on drug-sensitive cells.
Hierarchical cluster analysis (HCA) and interactive network maps of RPPA for
downstream signal transduction phosphorylation studies confirmed the earlier
efficacy results from cell viability studies . EGFR and associated gjnalling events
were similarly disrupted in free -EL and silver conjugate but were unaffected in the
gold conjugate samples. Interestingly, RPPA highlighted another key difference in
that free -EL induced more of a DNA damage response than in the conjugate-treated

EL-sensitive cells.

In conclusion, it was determined that nanoparticles could be useful as the next
generation of dye -label-free theranostics for multiple purposes, for example: as
diagnostic, treatment and prognostic markers. To enable this, the NP s must be
rendered safe enough for use in humans, specifically targeted to the cancerous cells
and loaded with a drug moiety that can be released near the active site. Although
these studies have revealed potential utility i n drug imaging, there are clearly a
number of key hurdles to be overcome if NP -drug conjugates are to be used in a
clinical setting for cancer treatment. However, their potential to aid in the tracking

the intracellular fate of the drug could help in nanof ormulation drug discovery

pipelines.

\'
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Thesis Motivation

There is a need to expedite the translation of drugs from development into the
clinic from the usual 10 -15 years, to reduce the 95% failure rate of those entering
phase | clinical trials to reaching the patient. Furthermore, it is a necessity to
understandwhy current treatments become unsuccess
cancerous tumours. Recent attention has turned to repurposing of drugs in clinical
trials e.g. to treat another condition or reformulate as a nanoformulation, to
increase efficacy and re duce systemic toxicity. On a cellular level it is difficult to
detect drugs via direct imaging, and mis-localisation or lack of uptake may
contribute to why resistance or lack of response to a drug arises. Here, Raman
imaging was investigated and proved a useful tool in detecting a frequently used
anti-cancer drug erlotinib (EL) within cells and nanopatrticles (NP) were used to
explore increasing the efficacy of the parent drug, due to a higher drug payload
being delivered and released.

Aims & Novelty

Chapter 3: to characterise the NPs and conjugates to determine the optimum
concentrations for cell -based studies

Chapter 4: to characterise cell lines and determine whether erlotinib -nanoparticle
(EL-NP) conjugates can improve the efficacy and toxicity of in vit ro cancer cell

treatment compared to free erlotinib.

Chapter 5: t o characterise the spatio -temporal distribut ion of ELwhen bound to NPs
and detect dynamic release events within in vitro fixed and live cells within a

microfluidic device by SER&nd correlative uptake studies.

Chapter 6: to explore the mechanisms of action of conjugated EL on NPs and
whether they differ from free-EL Furthemore, cellular stress, cell death or toxicity
signalling associated with bare NPs is investigated by Reverse Phase Proten Arrays
(RPPA)

Project Contributions

Matlab support was provided by Dr Lauren Jamieson who wrote the script for the
map ratios and foundation skills were taught by Dr Samuel Mabbott, University of
Strathclyde. The final stages of TEM fixation and microt oming was carried out by
Stephen Mitchell at the University of Edinburgh, all further imaging and analyses

were performed by the author. Inductively Coupled Plasma - Mass Spectrometry
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(ICPMS) and single particle ICP-MS (spICPMS) samples were prepared and
interpreted by the author and experiments were carried out at the Laboratory of
the Government Chemist group (LGC), Teddington, UK. Patricia Keating at the
University of Strathclyde advised on preliminary Liquid Chromatography - Mass
Spectrometry (LC-MS). Dr Jimi Wills at the University of Edinburgh advised and
created the protocol on the LC -MS instrument (jointly run with Dr Andy Finch) and
he ran some of the samples prepared by the author and advised on preliminary data
analysis. The microfluidics devices were prepared by Marjorie Willner from Virginia
Tech, VA, USA. The RPPA assay was carried ouin collaboration with Dr Kenneth
McLeod at the University of Edinburgh; sample preparation and analyses were by
the author. Dr Adam Byron advised on selecting software packages to use for
analyses of RPPA data.
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Chapter 1 Introduction

o0Dono6ét be afraid of hard work. Not hing w

Gertrude B Elion, Nobel Prize for Physiology or Medicine 1988.

1.1 Cancer

Cancer is responsible for nearly a quarter of deaths worldwide, claiming 8.8 million
lives in 2015.* Bronchus, lung and tracheal cancers were responsible for the greatest
portion of lives taken by cancer, with 1.7 million peo ple dying globally in 2015. *
Cancer develops when mutations arise in cells or an imbalance in cell cycle
regulation occurs, allowing exponential unmod erated growth. Cancer is an umbrella
term covering hundreds of subtypes of the disease and has been described as having
10 hallmarks, which are a displayed in Figure 1.? Combined, these 10 hallmarks
allow cancerous cells to grow in an uncontrolled manner, with increased
angiogenesis, resisting cell death and evading the immune system. Carcinogenic
factors can be based on environmental, lifestyle or genetics .*® Around 30 % of
cancers are deemed preventabl e through avoidance of tobacco and alcohol and with
an active lifestyle and eating a balanced diet. ° During this study the focus is on lung

cancer and more specifically, non -small cell lung cancer (NSCLC).
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Figure 1 Ten hallmarks of cancer. Adapted from D. Hanahan, etal .2
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1.1.1 Non-Small Cell Lung Cancer

Lung cancer is the most fatal of malignancie s amongst men and secondmost fatal
in women, only exceeded by breast cancer deaths.! There are two types of lung
cancer, small cell and NSCLC NSCLGs a group of three subtypes of the disease,
which are categorised togethe r due to their similar p rognosesand treatment, and
are responsible for up to 80% of lung cancers.® Large cell carcinoma, squamous cell
carcinoma and adenocarcinoma are the three subtypes. ’ Adenocarcinoma is found
in cells that normally secrete mucus and accounts for the largest portion of NSCLCs.’
Non-small cell cancer can also be found in the prostate of men as a result of similar
cell types. Treatment for cancers vary depending on its location, advancement,
metastatic status and other factors. However , the scale of the problem faced by
clinicians diagnosing and treating patients, with the hope of curing the cancer, is

immense.

It is imperative to minimise preventable cancers but also to provide more rapid

diagnostics and effective treatments that result in a better  prognosis and quality of
life for cancer patients . The clinicians tasked with this , note that there are many
issues surrounding treatment selection and monitoring. For example,

cardiomyopathy can result from chemotherapies , and therefore serum levels of
drugs must be monitored which can be invasive, e.g. lung biopsy, blood collection,
since a sample is required for testing.® This does na inform clinicians if the

cancerous cells have been targeted, only that the drug is still in circulation.

On a cellular level , doctors or researchers have no way of visualising or quantifying
the drug content within the malignant cancer cells. If this could be achieved, it
could be considered the key to unlocking the possibility of treatment tailored to
each patient. In future, optical fibre imaging could probe cellular response to a drug

in situ, but much work is required to obtain this precision oncolog y goal. If
observations of a drugd localisation, retention time in cells, metabolites and
cellular response can be made, then a decision can be reached on whether the
treatment being prescribed is the most efficacious . Furthermore, it may unlock key
biological modes of action that are unclear in bulk or overall responses observed in
vitro by studying the effects of the drug at a single cell level, thus aiding future

drug development routes in the pharmaceutical industry.

One of the ten hallmarks of cancer discussed earlier was sustaining proliferative
signalling, this is achieved through cell surface receptors binding ligands to be

activated. This can occur through elevated expression of the receptors or mutations

2
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that make them constitutively active. One s uch example is the epidermal growth

factor receptor (EGFR) which is a focus of this study.

1.1.2 Epidermal Growth Factor Receptor Signalling

EGFRis generally located on the cell surface and is composed of; an extracellular
ligand binding domain, a transmembran e domain, a tyrosine kinase domain (TKD)
and a c-terminal. ® A diagrammatic representation can be seen in Figure 2,
demonstrating where small molecule tyrosine kinase inhibitors (SM -TKI) could
prevent the activation of EG FR by binding to the auto -phosphorylation site, the ATP -
binding pocket. °

Extracellular
Domain

Cell membrane “~ - Transmembrane

n (TM) Domain

Small molecule inhibitor
blocking ATP binding site Intracellular

Domain

L—

Tyrosine Kinase
(TK) Domain

| Activatl'ronh\\\s‘rgnal\t\ransduction cascades |

1 Cell 1 Invasion &
proliferation metastasis

1 Angiogenesis | Apoptosis

Figure 2 EGFR and its downstream signal cascade stimulated upon activation, and TKD
where SM-TKI can block auto -phosphorylation.

EGFRis a member of the ErbB family of four receptor tyrosine kinases (RTKs) and
can form homo- or hetero -dimers upon activation by its ligand, epidermal growth
factor (EGF). Cancer can result from mutations in, or overexpression of, these
growth factors resulting in unregulated proliferation . This can also occur by having
a constitutively active EGFR through which no ligand is required for stimulation
EGFR is classed as a proteoncogene, mutations can convert this receptor into a
carcinogenic oncogene and therefore tumour promoting if it is rendered

constitutively active. *°
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The TKDis the catalytic portion of the receptor and is responsible for transferring

a phosphate from ATP to proteins in the cell, in a process called phosphorylation.
This in turn induces further prote in modifications and signal cascades. The
activation occurs after EGFbinds to the receptor , resulting in dimerisation with
another receptor. This conformational change internalises EGF, inducing auto-
phosphorylation. The activated EGFRdistribution is provided in Figure 3 displaying
an immunofluorescence image labelled with Wphospho-EGFR antibodyin red and
co-staining for the nucleus with DAPI in blue . The intracellular punctate distribution
demonstrates the internalisation into endosomes where the EGFR is either recycled

to the surface or destroyed.

Figure 3 Immunofluorescent staining of HCC827 adenocarcinoma lung cell stimulated
with 50 ng/m L EGF ligand for 15 minutes, showing a punctate distribution of activated
phospho-EGFR (red) and the nucleus (DAPI, blue), scale bar 10 um.

Cells can become cancerous when the expression level of the EGFRIs elevated or
mutated. ** This EGFRoverexpression is found in 62% of NSCLC cases andan be to
the exte nt of 200 fold greater receptor expression on tumour cells versus normal
cells.*!2 The elements of the EGFR that result in proliferative activity are now

discussed together with tyrosine kinase inhibitors.

1.1.3 Small Molecule Tyrosine Kinase Inhibitor - Erlotinib

SMTKIsincluding EL, amongst others including gefitinib , are treatments for cancers
bearing EGFRmutations. ** Response toEL is elevated from 7% in all NSCLC patients
to 77% in the presence of these EL-sensitising mutations in the EGFR-TKD® A
summary of the statistics associated with NSCLC prevalence, EGFR expression,

mutation rate and response to ELis found in Figure 4.3%
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m Up to 200
20% mNSCLC foldgreater
mSCLC » = Normal
80% expression
Activating mutations Response to erlotinib
g 100 77
35% m Present ‘g 50
65% m Absent Y 7
¢ 0 —
a

with mutation w/o mutation

Figure 4 Summary of NSCLC prevalence, EGFR overexpression, activating mutation
rates and response to EL statistic s.364

A summary of the sensitising and de-sensitising mutations introduced in Figure 4 is
presented in Figure 5, adapted from Sharmaet al. ® The domains of the gene are
outlined including introns (non -gene coding deoxyribonucleic acid ( DNA regions)
and exons (gene-coding regions of the DNA). It is known that 1 in 7 NSCLC patients
have the activating mutations affecting the EGFR protein, known collectively as
EGFRm+ which make them more likely to respond to EL The pati ents who are
EGFRm-+have a 90% chance ofpossessingone of two mutations responsible, which

are exon 19 deletions and an exon 21 (L858R) substitution (Figure 5).°

Transmembrane " . : Auto-
Exon:2 5 7 13 16 17 Rl 1821 "~ 2224 28
e ‘ s N
4 ~
4 ~
s N
e 7 N ~
Mutations linked P D761Y T790M S
with drug resistance .7 (<1%) (5%) A

0 Exon 18 (nucleotide-binding loop) ) Exon 19 ) Exon 20 ) Exon 21 (activation loop)

Mutations linked G719(C,Sor A) AE746-A750 V765A L858R
with drug sensitivity (5%) (45%) T783A (40-45%)
e.g. HCC827 cells || (<1%)

Figure 5 EL-sensitising muta tions of EGFR in NSCLC. Adapted from Sharma, S. V. etal. ©
A diagrammatic representation of EGFRwith exons in the extracellular domain (EGF

binding), transmembrane domain (TM) and intracellular domain ( containing the TKD
and auto -phosphorylation regions with ATP -binding pocket ). The cysteine -rich regions
in the extracellular domain (EGF binding; pink area ) and the TKD region in the

intracellular domain ( yellow area) are also represented. Exons 18 &1 inthe TKD region
where the relevant mutations  are located are expanded in the yellow bar below. A list
of EGFR mutations in these exons that are associated with sensitivity ( green outlined
boxes) or resistance ( red outlined boxes ) to EL is shown with the % occurrence in
brackets . The most prevalent of EGFR kinase domain mutations, accounting for 45% of
EGFR mutations in NSCLC, are in -frame deletions of exon 19 , such as that found in
HCC827 lung adenocarcinoma cells. ©
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Diagnostics linked to genetic susceptibility are often referred to as  &heranosticsd
or companion testing . *>'® Theranostics is usedto explor e targeted drug treatments ,
such as EL, to test a patientsd Ilikelihood to re
response thereafter . Theranostics not only test for suitable therapy candidates but
also reduce the use of ineffective treatments on those who are resistant to that
course of cancer therapy. Regular screening of those being treated with targeted
treatments is required to detect anti -cancer drug resistances early, thus avoiding
the incorrect use of expensive and toxic agents. Without testing each pati ent, they
may needlessly endure therapy that is not suitable, whilst the cancer will continue
unchecked despite the use of treatments prescribed to combat the disease. The FDA
released guidelines in 2014 stating that any new targeted anti -cancer drugs be
accompanied by a collaborative effort to release companion diagnostics in tandem

before they will consider approval. *’

To deliver the most effective treatment to patients rapidly, a theranostic test
should be carried out if a biopsy has been taken and material is available. The EGFR
mut at i onds iphigleesta! Asiars demales, people under the age of 65
and those who have never smoked.*® Lindeman et al . concluded in 2013 of EGFRm+
testing, that polymerase chain reaction (PCR based activating mutation tests
should be carried out on biopsy specimens.!® This molecular testing advice by
Lindeman et al. was given regardless of sex, race and smoking history in all
advanced stage adenocarcinoma patients. Smoking is known to reduce the efficacy

of EL, a small molecule inhibitor whose properties are described below.

EL is an EGFRTKI marketed under brand name Tarceva by OSI Pharmaceuticals,
owned by Genentech/Astellas. EL hydrochloride is chemically named as N-(3-
ethynylphenyl) -6,7-bis(2-methoxyethoxy)quinazolin -4-amine hydrochloride and has
the formula C 2H23N3;04. HCI. The structure is given in Figure 6 and a majority of the
molecule interacts with the adenosine triphosphate (ATP binding pocket of the TKD
(see green circled area that interacts with the binding pocket), however the ether
groups trail behind and have no role in the interaction .¥®° ELis an anti-neoplastic
agent, which halts tumour development to pro
a quality of life that would otherwise be detrimentally affected by untreated
tumour growth. Proliferation is blocked or inhibited by EL binding reversibly to the
ATP binding pocket where the phosphate group would usually attach and participate
in auto-phosphorylation of the ATP-binding pocket.
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Figure 6 EL chemical structure, green circled area interacts with the ATP binding
pocket of its target the  EGFR

The remaining chemical properties of ELare condensed and summarised in Table 1
t he suitabil.PtTye

pharmacokinetic characteristics can be assessed for absorption, distribution,

asacomparison to drug
metabolism and excretion (ADME) following these five rules. Namely t hey should
possess a; molecular weight <500, partition coefficient (logP) <5, number of
hydrogen bond donors <5 and acceptors <10, and a low polar surface area. In
addition the acid dissociation constant ( pKa) of a drug also influences lipophilicity,
solubility, protein binding and permeability .2! ELhas been clearly designed to satisfy
all of these selection criteria: it is lipophilic, has the ability to permeate the

membrane of the cell, and is soluble in the pH of cancerous cell environments.

Outside of the pharmacokinetic properties of the drug, ELhas been selected for this

study due to its Raman and SERS active signatures;the alkyne group produces a
distinctive Raman and SERS peak of around 210 cm™ and 2000 cm™ respectivel y.*
This will be discussed in detail later. Now R aman and SERS, vibrational spectroscopic

methods, are introduced.

Table 1 Summary of EL& properties. Including a comparison to Lipin  ski's "Rule of 5"

properties and the implications for EL.2*
Lipinski6s EL Properties
Log P 05 3.2 Lipophilic
MW (g) 0500 429.9 Membrane permeability
H Bond 010 6 Low H bond
Acceptors acceptor/donators =
H Bond Donors 05 1 good bioavailability
Polar Surface Low for membrane 74.73 A Non-polar = membrane
Area (PSA) permeability permeability
Surface Area 583.3 A
pKa (pH) 5.42 Weak acid= buffers well
~pH5.42
pl (pH) 10.32 Net +ve charge up to
pH10.32
Solubility Increases at | Secondary amine can be
lower pH protonated

7
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1.2 Spectroscopy

1.2.1 Raman Spectroscopy

Raman spectroscopy is a light scattering optical imaging technique that benefits

from requiring minimal or no sample preparation, no external labels, and only a

single monochromatic light source, yet it can be used to determine multiple

vibrational energies corresponding to specific chemical b ondsin a complex sample.

2324 Nobel prize winning C. V. Raman observed then®new sec
1928 by focussing sunlight through a telescope onto more than 60 liquids and using

a coloured glass filter to remove the elastic Rayleigh scattering. %

Raman scattering is a weak effect with only 1 in every 10 million photons being
Raman scattered, the remaining photons being Rayleigh scattered.?*® Raman
scattering, however, reveals the vibrational energy shifts of molecule s within the
sample, under interrogation by a monochromatic incident light source. Raman
spectroscopy is an information rich and chemically specific sampling technique that
generates a spectrum from which at least four parameter s can be determined.
These parameters are: the relative concentration of a sample , determined from the
peak intensities; the composition of chemical species or atomic bonding ,
determined from positioning of bands; structural disorder, suggested by the width
of the peaks; and changes in the environment such as temperature or pH, often
reflected in a frequency shift .?” Being an optical technique, Raman spectroscopy
depends on avisible light source within the ultraviolet ( UV) to near IR range of the

electromagnetic spectrum.

When incident light strikes a particle it can take one of four paths; reflection,
absorption, transmission or scattering. Light scatter ing can be elastic if the overall
energy remains the same, which is known as Rayleigh scattering, or inelastic if it
changes energy during the interaction . Inelastic light scattering can be subdivided
further, asthe light can either gain or lose energy. This depends on the energy in
the system but in the majority of cases the light gains energy from the system and
the scattered light emerges with higher energy . When the system is heated above
room temperature (RT), this increases the proportion of anti -Stokes (scattered light
with a lower energy) to Stokes scattering ratio. T he incident radiation strikes a
molecule, which absorbs it, promoting it to a virtual energy state, before the
radiation is emitted with a higher (Stokes) or lower (Anti -Stokes) frequency from
the incident radiation. These theories are explained using the Jablonski diagram in
Figure 7, depicting the ground state, vibrational energy levels and virtual states. 2°

Rayleigh scattered light neither gains nor loses energy (elastic scattering), Stokes
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scattered light gains energy from the molecule while the molecule loses energy and
rests at a higher vibrational level than it began (inelastic scattering), an d anti-
Stokes scattered light loses energy to the molecule while the molecule gains energy

and settles at a lower vibrational state or ground state (inelastic scattering) .

Fluorescence is another technique that is used in life science research and is
illustrated in the Jablonski diagram in Figure 7. During fluorescence the photons are
absorbed by the fluorophore elevating it to an electronic excited state, before a
photon is emitted at a lower energy due to non -radiative decay foll owed by the
fluorophore relaxing back down to a lower energy level. This process is radiative
and slower than others such as absorption and vibrational relaxation (Raman). The
drawbacks with fluorescence are that: it produces only one broad peak, inferring
merely the absence/presence of the analyte; it suffers from photo  -bleaching, which
affects time course studies; it requires a fluorophore to be tagged onto the
compound/molecule/protein of interest, resulting in artefactual distribution within
cells; and very few drugs have an inherent fluorescent signal to track the natural
spatio-temporal localisation at the intracellular level.  2%%%° Therefore, fluorescence
is not considered a viable method to directly track the drug -NP distribution within
cells, and thus will not be used. Fluore scence has the advantage however, that it
can be used as a complementary imaging technigue to demarcate regions of the cell
e.g. the nucleus or specific receptors such as EGFR. Fluorescence imaging has a high

signal intensity and is easy to detect if a flu orescence microscope is available.

Infrared (IR) spectroscopy could be considered for this study, as it is more
information rich than fluorescence and gives an intense signal due to its larger
absorbance cross section in comparison with its scattering cros s section. IR can be
beneficial in studies as it is viewed as the complementary spectral technique to
Raman, with centrosymmetric molecules typically those that are Raman active are
not IR active. This is due to IR being dependent on a change in the dipole moment
where as Raman is dependent on a change in the polarizability. IR can be difficult
to use for analysis of agueous samplese.g. cells. Water is strongly IR active, which
is the reason it cannot be considered for this project. The vibrational bands o  fwater
appear in the spectral regions that this project focuses on, with vibrational bands
present at 3300 cm™, 2200 cm® and 1650 cn™. ® The selection rules for IR state that
the dipole moment of the molecule changes during the vibration, whilst Raman
selection rules require that the polarisability changes, therefore water produces a
weak Ramansignal.® It is possible to background subtract the water content from
IR spectra and there are a vast number of high calibre IR studies on biological

samples and in the clinic. However, since the 2200 cm * overlaps the region of the

9
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spectrum that is important to the drug selected in this study, the technique has

been ruled out.

Jablonski Diagram

- Excited state
___________________________________________________________________ } Virtual states

} Vibrational levels
N 4 N 4 t
\ I_ )

Energy

AV- AV
L A4 Ground state

L J \ J L ] J

I I I I
Fluorescence  Anti- Rayleigh Stokes IR
Stokes  scattering absorption

Figure 7 Jablonski Diagram. The lowest energy vibrational state is depicted as the

ground state with vibrational energy levels and virtual states of increasing energy
above it. Both the incident radiation (upward arrows) and the scattered radiation
(downward arrows) have much | arger ener gofes
Raman scattering .32

1.2.2 Surface Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy was a breakthroughtechnique for biochemically determining
components in a sample, but as mentioned earlier it yield s a weak signal.
Significantly, in 1974, Fleischmann and co-workers adsorbed pyridine onto a
roughened silver electrode and noted a potential -dependant and strong Ramanpeak
intensity , with a Raman cross section much higher than for conventional Raman.??
This was the seminal experiment that first demonstrated the effect that would later

be named surface-enhanced Raman spectroscopy (SER3)y Van Duyne and his team,
who also explained the theory .2* In 1977, Van Duyne et al. repeated the
experiment in more depth. ** Finally they postulated that the intense Raman
intensities were due to electric field enhancement and that the pH and
concentration of a solution were important to the magnitude of the peaks obtained

in their results. * In the same year Albrecht and Creighton pr oposed a charge

transfer effect as a mechanism for SERS signal production.®

This was an important discovery by Fleischmann et al . that was elucidated further

232434 Molecules with Raman

by Van Duyne et al., and Albrecht and Creighton.
signatures that were previously too weak or masked by a low signal-to-noise ratio
could now be analysed. This revelation renewed research interest in the field of
Raman spectroscopy and its applications.®* The implementation of SERS in the
biomedical field for disease detection and treatment monitoring h  as been largely
due to the specificity and sensitivity of the molecular fingerprints obtained from

analytes. The enhancement factor achieved from SERS compared to Ramarcan be

t han
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from 10°to 10*at NPO hot spot sdé wher e nmbeaveen partislesl ess t F
and there is greater localised field enhacement .*® There are two components which

combined explain the SERS phenomenon, these are; the charge transfer effect

(chemical enhancement) and the electromagnetic theory (electromagnetic

enhancement).

The charge transfer effect depends on the chemical coupling to tran sfer electrons
between the analyte and the roughened metal surface and therefore depends on
direct contact or proximal interaction and can only explain a fraction of the
enhancement observed. Since it results from direct bonding it should only increase

until monolayer coverage of an analyte on the NPs surface. 234

Electromagnetic theory can explain the enhancement up to 10 nm from the surface.

It is dependent on the oscillations of the electrons stimulated by the incid  ent laser
at the plasmon resonance frequency, inducing the polarisation of the electrons
along the surface plasmon.?*?® This localised surface plasmon resonance (LSPRf
a coherent electron cloud oscillating on the NP surface can be observed in Figure
8.%" The concept of a surface plasmon was first theorised by Ritchie in 1957 when

modelling a thick metal foil to a thinner metal film. ~ 3#

Selection rules can make SERS spectradifferent from Raman spectra of the same
molecule. This was explained by Jeanmaire and Van Duyne when they discovered
that on approaching monolayer coverage of pyridine on NPs, the pyridine mo lecules
were attached perpendicular to the surface as opposed to parallel. 2* It is a
requirement of scattering that the polarisability component is perpendicular to the
surface, consequently the orientation of the molecule would produce a change in
scattering and change in SERSntensity from surface associated elements of the
compound.?® This can reveal further information such as the orientation that the
analyte is bound, due to greater enhancement of certain peaks at varying
concentrations. It can also result in a change in the Raman shift and relative
intensity of the bands from the bound moiety, due to an alteration in the molecules
symmetry when attached to the metal surface. A specific example is an ordinary
Raman assignment for the alkyne moiety in a drug called ELbeing 2111 cm™ where

as upon attachment to a gold NP, the Raman peak shifts to 2008 cm .2



Chapter 1- Introduction

Raman scattering

Analyte

Electric field

Figure 8 Lefthand side - SERS experimental set up with light source (laser) interrogating

a roughened metal surface with analyte deposited on top and subsequent Raman
scattering. Right hand side (Adapted from Hammond et al.) LSPR with oscillations of
electron clouds. Arrows represent the application of an external electric field
increasing up and down the y -axis, and oscillations are occurring along the x -axis of
time. 3339

SERS has additional advantages over other light based techniques. It is a reporter -
free approach that employs a monochromatic excitation source t o interrogate many
samples with particular advantages for multiplexing . SERS hasarrower spectral
bands by up to 100 fold in comparison to fluorescent markers, it is information rich
as it can describe more than just the presence or absence of a molecule , it is non
destructive in nature and it does not suffer from photo bleaching unlike

fluorescence microscopy. 26:28%0

SERS depends on a roughened surface to obtain its enhancement, therefore NPs and
their properties are contributing factors to the quality of results obtained. Next NPs

and their character will be discussed.

1.2.3 Nanopatrticles

NP is a broad term covering anything in the size range of 1 -100 nm which can be
composed of any material or composite and be created in many morphologies
including stars, cubes, spheres, micelles, tub es, magnets, shells etc..?°
Historically, NPs have been used to create unique colours in stained glass windows
and are legendary in the form of the dichroic Lycurgis Cup dating from the 4 ™
century AD.** This cup embodies the unique properties of the NP colloids in
comparison to their bulk form: when lit from outside the cup (reflected light)
appears green, and upon light being transmitted from inside it appears red. This is
due to the silver and gold NPs included in the glass cups fabrication. Owing to their
extinction profile, the sum of light absorption and scattering, each size, shape and
material can appear as any colour of the visible section of the electromagnetic

spectrum (rainbow). This is the LSPR of the NP and can be controlled and exploited

in the synthesis processto meet e x per i ment al r e csonadll sizmh@Ent s .

large surface area also make them amenable to many purposes from improved sun -

cream technology to drug delivery vehicles. At this stage it should be noted that

12
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NPs can be prepared from various materials, for the purpose of this study, the focus

shall remain on gold and silver NPs

Despite silver producing better enhancement, the excitation source used on gold
for Raman studies is less damaging to cells as it is a longer wavelength, lower
energy.* Generally 633 nm or 785 nm excitation is used for gold NPs to be in line
with the LSPR typically residing in this range. Hence lower energy than the 514 nm
or 532 nm lasers used to excite silver NPs. Near infrared longer than 785 nm has
been ruled out for consideration due to the lack of a compatible laser source
available for the Raman micro -spectrometer used, although it has excellent
properties in terms of retaining the viability of the cell or tissue samples under
investigation. ?° A balance must be struck between signal intensity and damage to
any live cells being interrogated.

The considerations when planning a study involving a NP delivery system in pre -
clinical development have been not ed in many studies but are reviewed by
Egusquiaguirre et al .*° These are: tumour accumulation, superior dose dependent
anti-cancer activity, bett er bioavailability, low systemic toxicity, good bio

compatibility, increased drug payload, enhanced tumour regression, extended
retention time at tumour site and enhanced targeting efficiency. *° These are
addressed with examples of the wide range of nanomedicines available in the next

section.

1.2.4 Nanomedicine

Nanomedicine was conducted in the field of medicine for centuries before the

existence of a phrase to describe the use of NPs or nanotechnology in aiding health.

The first mention of ©6énanomedicined on PubMe:
journals was in 1999 by Weber D.O., a healthcare journalist in the Health Forum

Journal.*® A full definition has since been released by the Eur opean Science

Foundation (ESF) in 2004 as;

ONanomedi ci n-sizeditgoks for the aiagoosis, prevention and treatment

of disease and to gain increased understanding of the complex underlying patho -

physiology of disease. The ultimate goal isto improve qual ity of | ifeé Th
nanomedicine may be broadly defined as the comprehensive monitoring, repair and

improvement of all human biological systems, working from the molecular level

44

using engineered devices and nanostructures to achieve medical benefi t .**0
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Further to this the ESF highli ghted five main disciplines of nanomedicine: analytical
tools, nanoimaging, nanomaterials and nanodevices, novel therapeutics, and drug
delivery systems, some of which can overlap to become combinations of the

aforementioned. These elements are summarised in Figure 9.

Types of nanomedicines can be: nanoscale versions of their parent drug,
composites, micelles or functionalised particles. *4>% Nanomedicines are proven to
be more effective at delivering a higher drug load to the relevant site. This results

in a more efficacious treatment, at an overall lower dose, reducing side effects and
enhancing disease alleviation for the patient. However, until now directly
monitoring the drug release from NPs has proven to be elusive on a sub -cellular

level.

analytical tools

Figure 9 Nanomedicine - nano-tools for diagnosis, prevention and treatment of disease
in the centre with 5 main disciplines on the periphery highlighted by the ESF: analytical
tools, drug -delivery systems, nano -imaging, nanomaterials & nanodevices and novel
therapeutics .

NPs can be functionalised to allow better efficacy, uptake or safety profiles in terms

of biocompatibility. The following are some of the surface modification approaches
used: the addition of a linker to , for example, give aptamers (short DNA sequences)
space for binding the target sequence (i.e. reduce steric hindrance); DNA can be
attached by thiol groups as they have a high affinity to form  Au-S bondswith the

gold NP6 s s u mpdgyatiom ;can be used to stabilise the particles and prevent

14
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aggregation; polymer wraps can change in surface charge and many more

properties. 364647

An example of imaging to track the release, i s of a UV filter compound (sunscreen)
from a dye labelled NP by studying one vibrational mode in stimulated Raman
spectroscopy (SRS) and two photon imaging*® SRS is a rapid signal detection method
using one specified wavenumber, as opposed a full spectrum like ordinary Raman.
SRS is useful formapping areas rapidly as only one wavenumber is interrogated,
however this makes it information sparse in comparison to SERS which gathers a full

spectrum.

Another purpose of developing nanomedicine is for therm oablation with e.g.
nanoshells, which seek to destroy the cancer tissue it is delivered to, whilst
releasing the chemotherapy to the local area upon heating . This is achieved through
heat and targeted delivery by e.g. functionalising with antibodies to a cell surface
receptor or using magnetic NPs but it requires sensitive and specific properties of
the magnet to localise them in the correct area. Thereafter there is an issue with
the clearance of the particles from the targeted site.  *® NPs designed for heat
release mechanisms will not be discussed further as this study does not employ
thermoablation and will concentrate more on the enhanced drug delivery and

imaging.

Albumin based nanocomposite spheres have been used to deliver therapeutic agents
and Pijanka et al. suggest that greater albumin content increases cell viability as
measured by cytotoxicity assays, probably due to bette r biocompatibility. “° If the
drug is prepared in culture media the proteins of the foetal bovine serum  (FBS)
should elicit a similar effect via the protein corona (proteins opsonised to the

surface of the NP).

Micelles are size tunable drug delivery vehicles in the nanoregion that are being
developed to load hydrophobic drugs such as Paclitaxel, which is usually
administered in cremaphor as an oily solution. However , many patients suffer from
hypersensitivity to the drug carrier. Luo et al. studied the size tunable element of
paclitaxel micelles, self -assembled from PEGb-dendritic oligo -cholic acid, to
achieve targeted distribution. *° They confirmed that 17 -60 nm micelles enter
tumours according to the enhanced permeability and retention effect (EPR) of

passive entry and that larger micelles of 150 nm enter lung and liver cells.
Regardless of the NPused to deliver the drug these size rules would apply and must

be considered when designing a drug-NP conjugate.

15
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A doxorubicin study on NPs with a pH-sensitive drug release mechanism was carried
out by using a SERS reporter tagged silverNP, coated with a layer of pH sensitive
chitosan/poly (methacrylic acid) (CS -PMAA). They were further functionalised by
adding a transferrin on the surface to target transferrin receptor (TfR) -
overexpressed cancer cells.®! The pH sensitivity allow ed cargo offloading in a cancer
specific manner astumours tend to be more acid ic. This produced a localised drug
effect that was more pronounced at the malignant site , which was favourable, as it
in turn would lessen systemic toxicity to the patient by concentrating the

chemotherapy.

Since 2011 further advances have been made on tailoring pH sensitive drug release
by Du et al ..*? They created a dual pH sensitive particle, which reverses its surface
charge from negative to positive at tumour extracellular pH ( D6.8) to enable cell

internalisation. Thereafter a drop in pH to (~5.0) in subcellular compartments , such
as the endosome, encourages doxorubicin release from the endocytosed drug
carriers.>® This is a cancer targeted approach that works without the need to

investigate surface receptors, and could be beneficial if the cancer has metastasised

to several sites.

Mitoxantrone is an antineoplastic drug used to treat several cancers with a limit of

detection (LOD)in fresh serum samples in the region of 4.0 x 10 "** M (0.02 ng/mL)
by Surface Enhanced Resonance Raman SpectroscopySERRS® This drug is blue in
solution thereby act ing as a chromophore, which couples with the LSPR of the silver
NPs to provide an intense resonance Raman signal. This is a clinically relevant test
as levels are closely monitored to avoid cardiomyopathy having a fatal effect on the

patient. However clini cians prescribing habits for this drug changed when the test

was optimised in 2002 and it is no longer pertinent to cancer treatment. >3

Mitoxantrone has also been studied as a treatment with doxorubicin, delivered

together as dual chemotherapy by a |iposomal pegylated NP.>* Combination
therapies to prevent drug resistance developing ha ve become popular in many
medical areas. Nanoformulations can enable delivery of a drug effective ly with less
systemic toxicity to a patient at a lower dose. T he issue of delivering a drug in a
nanoformulation is being pursued heavily in the field , such as gold nanospheres

coated with oxaliplatin.

Oxaliplatin is another interesting drug, in 2010 Brow n et al. were able to improve
the ICso three -fold by a new drug delivery method in vitro .*® They achieved this by
tethering the platinum based drug to a gold NPwith a PEG linker. It was noted that
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in lung cells the localisation differed and oxaliplatin tetheredto g  old accumulated

in the nuclei. It is known that at a systemic level, tumours experience an enhanced
retention permeability (EPR) effect, which is passive transport through
misstructured vasculature into the cells. However the biology underpinning nano -
oxali pl ati nds | ocalisation i n t he nucl ei

interpretation.

Following on from Brown et al ., the work presented here will investigate further
the downstream effects and response associated with an anti -cancer drug-NP
treatment versus its free-drug counterpart. This would enable an efficacy and
imaging project with a global phosphoproteomic study from a more targeted
treatment. Oxaliplatin is generally cytotoxic, whereas EL acts only upon the EGFR
preventing the downstream sign alling cascade by inhibiting phosphorylation. The

imaging will be conducted on a Raman microscope to create cell maps.

1.2.5 Raman Cell Mapping

Raman cell maps are useful for locating molecules within a cell whether they are
biochemical constituents, drugs or N Ps functionalised with SERS active dyes.
MAughtrie et al . created a 3D map to multiplex the tracking of SERS active tags by
producing a pseudo coloured overlay of SERS tags onto the Raman signature of a
cell.  Some studies have been able to differentiate cell types without the addition

of NPs, which is a non-destructive method to determine cell type. A Raman micro -
spectrometer can accommodate various samples, including live cells with the use
of environmental chambers, microfluidic devices or water immersion objectives.
Figure 10 illustrates a basic schematic of the instrumentation used to SERS map

during this study on fixed and live cells.
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Figure 10 Raman micro -spectrometer schematic. The laser source, which can be altered
when required (532 nm, 633 nm or 785 nm) entering a microscope where the objective

can be air or water dipping . The scatter ed light travels back through the objec tive into
the spectrometer through a notch filter , which filters out Rayleigh scatter ed light
(laser line frequencies) , then travels to a collimating mirror that is directed at a
grating (this can be 1200 I/mm or 1800 I/mm) . The light is diffracted onto  a focussing
mirror which focusses it onto an imaging sensor (charge couple device (CCD) detector),
before the data is sent to the computer containing wavenumbers and intensities. Where

maps are concerned, there is further dimensionality to the data in the fo rm of X, Y and
Z co-ordinates for 3D or X and Y only for 2D.

A cell study has mapped the differences between malignant, benign and varied cell
types from the lung. Raman spectroscopy was able to differentiate between lung
cancer cells and lung epithelial cells and also lung fibroblasts. Further to this it was
identified that there was a clear difference between cells from the same lineage of
fibroblast , with one rendered immortal with an increased proliferative activity. The
spectral differences were found to be predominantly from the nucleus, therefore
isolation of nuclei strengthen ed signal divergence.®® These differences were
analysed using multivariate techniques such as principle component analys is (PCA).
Essentially PCA reduces the dimensionality of data allowing the variance in data to
be determined. Typically it is the background that is removed as the first loading
and gradually more minute d iscriminat ions are made against variances in the data .
Nicholas St one 0 s group wer e abl e to di fferenti
adenocarcinoma cell lines using this analysis in their Raman microscopy being
developed for the clinical setting to diagnose can cer types. It has also been used to
delineate the boundary of malignancy during resection .>"*® The obvious advantage
of Raman mapping during surgery is to minimise tissue removal whilst ensuring

complete excision of cancerous cells.

The aim of this study was to determinetheanti -neopl asti ¢ agentds f at
cell by imaging and not to diagnose malignancies. PCA was therefore not required

for the Raman maps acquired to separate populations of cells, although i t is a
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powerful data analysis technique, the maps acquired during this study could be

analysed by simple univariate investigations of the alkyne peak.

The cell mapping procedure that was followed in this study includes the peak
assignments used by others ncluding El-Mashtoly et al .. *° Figure 11 is an example
of a cell map including the cell fingerprint region of 1000 -1800 cm* Raman shift, to
delineate the lipids, proteins and other cell components . The area under the
vibrational peak was used to pseudo-colour the cell and the constituent
distributions. Phenylalanine from proteins in the cell is observed at ~1002 cm *, CH
stretches of proteins and lipids are a broad band at ~3000 cm * although a shoulder
is present at ~2850-2875 cm* primarily from the lipid content.  ° Importantly, it is
obvious from the example spectrum that there is a window from 1800 -2800 cm*
with no Raman signature from the cell. This is described as the cellular silent region
of the spectrum. EL, the drug of interest, contains an alkyne bond which produces
a Raman band at ~2100 cm®.?*%" Having this region free of complex signals lends
itself to detecting the drug intracellularly wit h ease and interpreting the data

through univariate means.

—
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Example spectrum from cell map
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25| !
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Figure 11 Label-free Raman imaging - pseudo colour maps of fixed CHO cells. A. Zoomed

out white light image with 10 um scale bar, B. red area under lipid peak 2850 -2875cm-

1, C. blue area under phenylalanine peak 1000 -1010 cm™, D. green area under protein
and lipid peak 2800-3050 cm-?, E. composite (of B, C & D), F. cropped white light image,

G-J merges of white light and respective pseu  do colour maps from B -E above. K is an
example spectrum of a Raman cell fingerprint acquired with a 532 nm laser source ;
1002 cm* phenylalanine peak and 2931 cm ! CH and CH, peak of lipids and proteins are
highlighted as is the cellular silent region of the spectral fingerprint of cell S.

19
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The images in Figure 11 were acquired from a fixed cell, however there is debate
surrounding how accurate a representation tt
living. This is due to the fact that the fixation process remove s lipid content from

the cell membranes and can potentially cause other artefactual effects. ®* Raman

maps canrequire hours to acquire confocal 3D stacks, it is difficult to map live cells

without their healthy state being compromised in an open dish due to the lower

temperature and lack of correct gas compo sition in open air. To circumnavigate this

without a costly microscope upgrade of an environmental chamber to control the

temperature and a gas line to regulate the gaseous surrounds to mimic that of in

vivo, a microfluidic device can be used.

1.2.6 Live cell imaging with microfluidic devices

Microfluidic devices are a platform that can be used to study live cells at single cell

resolution but in a high throughput manner and in a cost effective way. ° These

devices can be manufactured from a mould within a day and are extremely
reproducible. They have been in use since the 1970s by engineers and gained in

popularity amongst the life science community in the 1990s with proof -of-concept

work. %3%* This was typically to model the in vivo environment without the use of

ani mals and can al s eon-b-eipd Edure t2rshows ah example 61 ab
of a basic microfluidic device which is optically clear as it is fabricated from cured

polydimethylsiloxane (PDMS) on a thin microscope slide.

A microscopic view is also shown in Figure 12 showing the scale of the channels and
the ability to separate cells for live imaging under a Raman micro -spectrometer.
Any Raman background from the PDMS is not collected, since it is used with a
confocal imaging system and any background is lost through focusing simply on the
cell. The basics of the device are that there is more than one inlet allowing the
controlled loading of oil and aqueous sample to be added. The flow rate and
channels allow the formation of liquid droplets or bubbles w hich hold cells for
interrogation, these are surrounded by an oil suspension. The oil surrounding the
sample droplets aids the retention of gases to keep the cells viable for longer. ® The
first report of Raman microscopy performed on a microfluidics platform was by
Cristobal in 2006.%° This was quickly followed by Ackermann, Henkel and Popp
publishing a SERS paper quantifying drugs within a microfluidics device in 2007. ©
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Figure 12 Left, is a PDMS microfluidics device with inlets for oil and cells to the left,
followed by the channels to hold bubbles with individual cells to the right. Righ t, is the
device under the Raman microscope, to demonstrate the liquid phase bubbles

containing cells (rounded as not adhered), within the channels containing the oil phase
to separate droplets.

1.2.7 Alkyne Imaging

In 2011 the first example of alkyne (C [ C) imaging within a cell was achieved by
Yamakoshiet al ..®” The significance of being that it is a less perturbing lab elling
method, as the alkyne modification conjugated to the nucleotide mimic EdU should
not hinder interactions in the cell unlike bulky fluorescent tags. Although the effects

of alkyne tags should still be determined empirically upon the cell. They were a  ble
to visualise cell proliferation using the alkyne tag as its Raman band resides in the

cellular Raman silent region of the cell (1800 -2800 cm™).

Subsequently, Yamakoshiet al . were also the first to produce multicolour imaging
within a cell without the use of fluorescent markers. ° In this study the alkyne
moiety was conjugate to an aromatic ring and a diyne amongst others. These
produced bands in the Raman shift range of 2100-2250cm™ and were distinct enough
to allow duplexing. The alkyne moiety is user friendly to the cell biologist using

Raman spectroscopy as it is easily determined in the cell from its intensity. 8

Palonponetal . also report that high spatial and temporal resolution can be achieved

with Raman mapping especially with alkyne m oieties. ¥ *Rec ent | y Wei Mi nds
have demonstrated an impressive 20-plex carbon-rainbow of poly -alkyne variants to

image organelles within cells. ™ This exceeds the multiplexing capabilities of many

fluorescent images, although these were not all separated from the same cell but

several were together. It would be interesting to see if all 20 probes could be

barcoded together in one cell successfully. In Figure 13 it is demonstrated that by

changing the alkyne content and adding e.g. amines and aromatic ring structures,

that the Raman shift can be tuned to differentiate the organelle markers when

imaging with any Raman based methods.
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Figure 13 Carbon-rainbow of polyyne based materials for multiplexed organelle
imaging, pseudo -coloured based on the difference of the alkyne based Raman shift.
Adapted from Hu etal.. 7

All of the above examples of alkyne imaging are of reporter molecules with tags
inserted, which could potentially affect the distribution within the cell and
therefore need care ful testing. The alkyne group in EL however, which also
produces a strong Raman peak allowslabel-free imaging of uptake, localisation and
metabolism.*® Namely, absorption, accumulation, distribution, metabolism and

excretion.®*This is possible since the alkyne is |

These data support the use of ELbound to NPs in this study as the intensity will only
be enhanced further for imaging purposes and potentially the efficacy will be
enhanced too. Careful consideration must be taken of the effect of NPs alone in the

system, therefore the biocompatibility is important.

1.2.8 Biocompatibility

NPs have been scrutinised for their tox icological properties versus their bulk
counterparts in recent years after the rise of nanomaterials in industry research and
medicine. " In 2004 the term nanotoxicity was introduced amid concerns for their
rising use and potential harmful effects exerted by their size. 2 Despite the cautious
attitude of some over the use of NPs, in 2013 there were 247 nanomedicines either
approved or in clinical studies. " On the whole, nanomedicines are reputed to have
less toxicity than their parent drugs, rather than increasing efficacy. * Their
increased uptake by cells due to their inherent size and large surface area are what
make them suitable for drug development, however there are many considerations

in terms of their biocompatibility as seenin  Figure 14.

Biocompatibility is the ability of a material to perform with an appropriate host
response in a specific application without producing an adverse effect. ™ NP
biocompatibility is an area that encompasses several factors including: the

cytotoxicity due to surface chemistry, the pass ive entry and retention in cells, the



Chapter 1- Introduction _

excretion to the biliary and renal system due to size and the clearance by the
reticuloendothelial system (RES).**"*7>® Many drugs take the surface charge and
chemistry into consideration and are coated in pol yethylene glycol (PEG), a

molecule approved for use in the body. **

Nanoparticle Biocompatibility
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Figure 14 NP biocompatibility schematic. The physiochemical properties associated
with NP biocompatibility are; size, surface charge and hydrophobicity. These impact
upon cytotoxicity, renal clearance, biliary clearance, enhanced permeability retention
(EPR) effect and the RES. Adapted from Grodsinski et al ..1°

The first FDA approved nanodrug in 1995 was the pegylated anti -cancer nanodrug
Doxil based on parent drug doxorubici n.”® Other agents found to be useful to aid the
delivery and compatibility are proteins such as albumin. “° In relation to cancer
targeting NPs, they can be tagged with targeting molecules or ligands that recognise
biomarkers such as cell surface receptors, for example, an EGFR peptide D4 has
been used to target liposomes to the recep tor. *® Regardless of the surface
presented on a NP, the size is a greater determinant of its success. To expand
further, the decoration of a particle with an antibody to target a cell will not

promote cellular uptake if the particle is physically too large to enter.

NPs are by their nature between 1 -100 nm in size in one dimension, the importance
of which is observed in Figure 14. On the whole, NPs have enhanced tumour delivery
due to the enhanced permeability and retention (EPR) effect which enables passive
diffusion through the leaky tumour vasculature. "° However, despite the EPR effect
macrophages may still engulf the particles for excretion through the RES. This
occurs due to the proteins on the surface of the NPs and if not surface modified to
have proteins such as an albumin coating, the plasm a in the body can coat the
particles and they would be destined for opsonisation. ** This coating effect from

the plasma and serum creates what is known as the protein corona surrounding the
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surface of the NP, altering the charge. Modifying the sur face with a hydrophilic

polymer can counteract the RES clearance. %

The composition of nanomedicines can be as polymeric composites, pegylated
nanodrugs or as micelles.?®°%°*82 However, this study will use noble metals as a
nanocarrier to the EGFR therefore the inherent toxicity of silver should be
considered. Inert or less -toxic gold has the drawback of a lower SERS signal intensity
than silver when imaging. “># A careful balance needs to be struck between imaging
efficiency, drug r elease and efficacy and the toxicology of the NPs used. For these
reasons, silver for its superior SERS intensities and gold for its non -toxic properties

will be explored during this nano -delivery investigation with EL.

1.2.9 Current Field of Erlotinib & Raman/ SERS Imaging of Drugs

An early report of a nanomedicine study on ELwas first published in 2009, where a
polymer was used to encapsulate EL for delivery in rats. Marslin et al. found that
the nanoformulation reduced cytotoxicity and resulted in controlled  drug release,
which could improve treatment efficacy.  Subsequently a cellular study on another
nano-encapsulation was carried out in 2014 by Barghi et al.. They found EL
cytotoxicity to be dose and time dependent, and drug loaded NPs were more anti -
proliferative than free-EL® The active site of the drug includes the acetylene
group, it is important that the drug is removed from the NP intracellularly to be

effective against the cancerous cells.

Nanogold spheres coated with EL are documented by Lam et al . who characterised
them with Raman and SERS. The peak assignments for free and AuNP bouncEL of
the alkyne for Raman and SERS being 2111 ¢ and 2008 cmi* Raman peak shift
respectively. Their focus was on the adsorption and desorption of ELon the NPs and
the dynamic functional theory (DFT)modelling of their attachment to the surface.
They concluded that attachment was most likely via the acetylene group, which

was speculated to detach inside of cells.

Free-ELwas used in Raman mapping experiments down to the concentration of 100

UM, which is much greater than is clinically relevant. *° The levels of EL detected in

the serum of patients is two orders of magnitude less at 3 -5 pMwhere the patients

are treated with a typical dose of 150mg.*® The Raman mapinEIMas ht ol y 6 s
had alkyne signal just above the noise of the background in one of 3 z -slices and
could be described as extracellular, as there was no correlative study to prove it

was intracellular. Additionally, the distribution in the Raman map appeared to be

more crystalline, as a shard of precipitated drug, as opposed to being distributed

st
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within an o rganelle. However, the localisation is described by the authors as
mapped to the membrane and cellular components via analysis of the full Raman
spectral signature using hierarchical cluster analysis (HCA) El-Mashtoly et al.
propose that they were able to determine metabolites of ELin the cell by comparing
to reference spectra of the metabolite molecules. *° Another SERS study of
metabolism focussed on 6-mercaptopurine and demonstrated that with Au@Ag NPs
the metabolism could be monitored intracellularly, however due to the covalent

attachment orientation, it rendered the compou nd biologically inactive. %

Overall a study of the efficacy enhancement of EL on a NP that can be tracked
within the cell for its spatio -temporal distribution and metabolism has not been
attempted. Downstream signalling analysis of the mechanisms of action of EL-NP on
EGFR compared tofree -EL, has not been published to date, and these points will be

addressed herein.

1.2.10 Multi -Modal Correlative Microscopy

The SERS imaging and NP localisation should be validated using correlative
techniques in order for it to be accepted by chemists, spectroscopists and biologists
alike. These techniques include other light based methods such as DF microscopy
for NP localisation and confocal fluorescence microscopy to interrogate biomarker
expression and nuclear or other organelle staining. 8 Beyond these are techniques
which do not have light based imaging artefacts, such as electron microscopy.
Scanning electron microscopy (SEM) confirms the exact size of the NP and
transmission electron microscopy (TEM) can be carried out on fixed and sectioned

cells to confirm NP uptake within the cell and their localisation. 8

1.2 Cellular Response to Erlotinib and Conjugates

1.2.11 Overview of Nanoparticle Toxicity

Before comparisons can be drawn between free-EL and the proposed conjugates in
this study, a baseline level of toxicity must be established by the presence of N Ps
alone within the cell model system. There are many well established assays that
could be used to assess whether NPs affect proliferation, viability, metabolic
activity, migration etc. However, it must be stated that there are issueswith NP
compatibilit y and these high throughput colorimetric, fluorescence and
luminescence based assays, predominantly yielding false positive results. This is an
area hugely underestimated and ignored within the nanotechnology community.
Elements that seem to be ignored are: that NPs have an intrinsic
fluorescence/absorbance, that NPs can have an enzymatic effect on assay

components and that NPs and analytes in the assay can affect the accurate
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assessment of toxicity. 8 Most likely these physio-chemical artefacts are exploited
for the intent of proving that N Ps are not harmful due to the fact that most of assays
return false positives - namely that cell health appears unaffected due to a greater

absorbance or fluorescence read out as an artefact of the NP content.

A publication by Ong et al . reviewed NP interference in toxicity testing and stated
that 95% of papers from 2010 did not account for potential interference of NPs in

these tests.® Onget al . proved that:

oéinterference coul d not be predicted S 0

nanoparticles and assay components. o

Any means selected to characterise the effect of NPs and conjugates on cells must
take this into account and tests be determined empirically, to be deemed
appropriate for each particle type and cell line combination.

1.2.12 Methods to Determine Drug Efficacy

ELis an anti-proliferative and cytotoxic agent the activity of which can be assessed
by quantifying the inhibitory concentration on 50% of the cells (IC sg). As mentioned
previously, this can be complicated to detect when NPs are present in the samples,
therefore other techn iques must be employed. These are mainly low throughput
such as: Trypan blue live dead counts for cell number and viability, live/dead
fluorescent stains on montages of single cells (since bulk or populations of cells are
more prone to fluorescent artefact s, but on a single cell level this does not impact
the results), immunofluorescence assay (IFA) staining for activated pEGFR (lack of
staining indicates effective treatment of inhibiting EGFR activation), Western blot

to determine the level of pPEGFRAEGFR for efficacy of the drug. However it should
be examined more thoroughly downstream to m
effect on the cell. Flow cytometry which is a high throughput fluorescent cell
imaging technique could be used as each cell is assessedindividually. However this
requires access to specialist equipment and depending on the particles used, they
could infer autofluroesnce that would need knowledge on how to process the data
to exclude these background fluorescent counts (known as gating for properties such

as size, granularity etc).

1.2.13 Biochemical Signalling Pathways Analysis
Techniques to explore biochemical signalling pathways and the phosphoproteome
are those involving protein analysis from cell lysates. On a basic level Western

immunoblots are used for these analyses and an example of a higher throughput
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format is the RPPA, sometimes used in drug discovery pipelines. RPPA allows
multiple cell lysates to be screened for response of their biomarkers to varying
concentrations of several drugs i.e. each array can have 36 samples of 2 L lysate
spots in triplicate, therefore 108 samples, which are blotted in a serial dilution of

4 spots, therefore one array holds 432 data points. Each slide can hold up to 7 arrays
or, in other words, 7 antibodies can be used to probe the 36 samples per array,
creating a possible 252 protein examinations per slide. This miniaturised format is
both cost effectual for consumables and labour efficient; to obtain quantitative
analysis of target protein abundance includ ing post-translational modifications in

response to drug treatments.

RPPA is a platform pioneered in 2001 by Paweletz et al . that produces a quantifiable
output of protein expression levels by loading equal total protein quantities.  °* The
normalisation is against a tota | protein stain, such as fast green, after having
prepared cell lysates to be of equal protein content from a protein quantification
assay. The format is a microarray ed fluorescent read -out that is captured from a
microscope sized slide in a dot -blot fashi on, as can be seen in Figure 15. This output
is obtained by initially using a robot (Aushon 2470 array platform system) to spot
the cell lysate onto the nitrocellulose coated slides. The slide is then treated
similarly to an IFAwith regards to: blocking, 1° Ab, washing, 2°, washing and signal
detection. Care needs to be taken to ensure that the primary antibodies are of high
quality and have been at a minimum validated by Western blot. They need to be
extremebhnwd66ch order to give a reliable resul
must only be one protein species present that should be sharp with no background
staining. ° In this instance a near infrared fluorophore is attached to the secondary

antibody, whether it is anti -mouse or anti-rabbit.

Heatmaps are then produced from normalised protein levels and can be grouped by
HCAInto linked proteins and most similar sa mples due to their protein expression
profiles. Each of these are bootstrapped (grouped) with probabilities associated
with the likelihood that each cluster is linked. Therefore those samples or proteins
bootstrapped with a number closest to 1 (the maximum relationship probability
value) have the highest chance of being connected due to the similarity in their
protein expression levels or profiles. Further to this, interactive network analyses
can be performed to show links within and between pathways in a pairwise manner

between 2 samples.

Overall this RPPA system is an efficient approach to assess an array of variables

during a drug screen e.g.: concentration curves for IC 5o values, time courses,
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sensitivity in multiple cell line responses. This will allow  multiple comparisons to

be drawn simultaneously under the same conditions.

Figure 15 Typical RPPA slide stained with antibodies (top) and fast green slide of total

protein loaded (bottom).

1.2.14 Potential Effects of Nanoparticles on Signalling

The effect of the metals in their nano form on the cells must be considered as
controls to enable fair comparisons to be drawn, between the effects of nano -
delivery and free-EL on the cells selected for this study. Silver in particular can
cause cell damage by inducing a stress inflammatory response of the cell by the
leaching of silver ions from the NPs surface as they oxidise within the intracellular

environment. %

The stress inflammatory response adds to the creation of reactive
oxygen species (ROS) as a result of the uptake of the exogenous NPs this then leads
to oxidative stress upon exhausting supplies of antioxidants . Oxidative stress occurs
when the balance of antioxidants and ROS is perturbed, resulting in overall greater
ROS and depléed antioxidants within the cell. * Metabolic oxidative stress that is
induced by normal mitochondrial activity, is believed to promote  tumorigenesis by
activating redox -regulated pro-growth and pro -survival signalling pathways. Redox
regulation of EGFR can modulate the signalling pathways that play a role in the

protection of cancer cell s against oxidative stress.

Waris and Ahsan describedthe impact that both exogenous (external factors) and
endogenous (internal factors) can have on the cells as a result of oxidative stress ;
these have been summarised in Figure 16 adapted from their paper .%* Itis illustrated
in the figure that redox sensitive kinases such as mitogen activated protein kinases
(MAKK) including Erk, JNK and p38 can regulate transcription factors through
phosphorylation. ® Src, JAK, and Akt are amongst other key players responding to
oxidation signalling. These proteins as well as those involved in further related

signalling pathways are explored in depth in the final chapter as MAPKs are also
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affected by EGFR inhibition by EL® Therefore the relevant controls have been
included herein to elucidate the complex and potentially opposing effects that  EL
NPs and the conjugates impart upon the cells. The RPPA assay is an ideal platform
to explore the multiple particle types and treatments, alongside incubations times
on EL sensitive and insensitive cell lines. HCAheat maps and interactive network
analyses are used to reduce the dimensionality of the data from the RPPA of >8000
thousand data points, to several figures to be concisely presented here, to conclude

this EL-NP conjugate study.

Source of Stress

Endogenous e.g. Exogenous e.g.
Mitochondria Silver ions from NPs

| |

Reactive Oxygen Species (ROS)
!

Oxidative Stress

!
Damage to DNA, Proteins & Lipids

| | |

Stress Growth Factor Redox
Inflammation Mitogens (MAPK)  Switches

| |

JNK MEK
| |
c-Jun Erk

| | '

Redox Responsive Genes

!
Dysregulation of Signalling Pathways

|

Cancer/Cell Death

Figure 16 ROSand redox signalling on cells. Adapted from Waris and Ahsan. 94

To bring a close the introduction, a mind map was created to summarise the
experimental areas that this study employs ( Figure 17). This is an analytical
chemistry project at the core but since it is inter -disciplinary the map helps to

contextualise the work within the biological sphere.
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Figure 17 Contextual m ap of the study's key experiments within each chapter
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1.3 Aims

This study aims to investigate the efficacy of nano -delivery and reporter -free
imaging to track delivery and distribution of an anti -cancer drug-NP conjugate, in a
drug-sensitive and drug-insensitive lung cancer cell line. Furthermore, two particle

types were used to investigate any synergy that can be ga ined from drug loading on

silver versus gold nanospheres.

EL is an EGFR TKI used to treat NSCLC, however like many anticancer drugs the
underlying reason or mechanism for treatment inefficiency is largely unknown. This

is detrimental to the health of patient s and the associated cost burden on the health
care provider of these treatments is large. This project aims to investigate the
localisation, retention and uptake dyamics of EL in cells in vitro. Raman
spectroscopic fingerprints of cancer cells will be use d to create 3D maps along with
SERSo track the drug -NP conjugate & effect on cancer cells. These are splitinto 4

main objectives in further detail below.

1. To determine the optimum concentration of EL-conjugate and characterise
the SERS signal from both gld and silver conjugates along with their
physiochemical properties.

o This was carried out by extinction spectroscopy, dynamic light
scattering (DLS) SEM and heandheld SERS instrumentation. Thisvas
to compare data to that already available in the literat ure. It is the
foundation which the cell studies are based upon.

2. To determine whether EL-NP conjugates can improve the efficacy and
toxicity of invitro cancer cell treatment when compared with free-EL

0 Cytotoxicity can be assessed in a number of ways using low-
technology vital ality staining assays Furthermore IFAs can be used
to profile the pEGFR expression levels and distribution , as well as
Western immunoblots to support these data in a quantitative manner
of phospho/total EGFR expression.

3. To characteri se the spatio-temporal distribution of ELin vitro , in fixed cells

and live cells.

31

0 This was achieved by characterising the anti -cancer drug-NPs SERS

signatures. The aim was to achieve satisfactory signal from optimal
conditions at a concentration of 5 uM o r less, to remain clinically
relevant.*® Cells will be SERS mapped along with correlative
techniques to determine the distribution on or within the cell where
the EGFR is situated ***°
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4. To explore the mechanisms of action of conjugated EL on NPs and whether
they alter from free-EL Furthermore, to investigate any stress, cell death
or toxicity signalling associated with bare NPs.

o0 Altered mechanisms of action or to prove that NP bound EL aff ects
cancer cells analogous to that of free-EL, was investigated by
exploring the downstream signalling pathways of the EGFR. Initially
an immunoblot phosphorylation analysis of the EGFR was carried out
before a thorough, high throughput RPPA assay was subsequently

performed.
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"Don't let anyone rob you of your imagination, your creativity, or your curiosity."

Dr Mae C Jemison, Astronaut, Entrepreneur, M.D.

This chapter contains details of the materials and methods used to: synthesise the
NPs, prepare and characterise the conjugates, along with the imaging and
quantification techniques employed to v erify the SERS mapping data and the
cytotoxicity and efficacy of the conjugates in lung cancer cells, and finally the RPPA
functional proteomics / pathway analyses study. Some details are summarised or
expanded further in the results and discussions sectio ns that follow, particularly for
the data interpretation methods associated with the RPPA as they are lengthy and

are intertwined with the explanation of the results.

2.1 Conjugate Preparation

2.1.1 Nanoparticle Synthesis

All glassware was cleansed of organic residues by scrubbing with hellmanex
detergent and then cleansed of metal residues using a 15% nitric acid incubation
followed by aqua regia and finally rinsed thoroughly with deionised water and left

to dry.

Hydroxylamine reduced silver NPs (AgHA NPs) were sgthesised to obtain negatively
charged silver NPs via the Leopold and Lendl method. ° To obtain 40 nm silver
spheres, hydroxylamine at a final concentration of 1.67 x 10° M was added with
3.33 x 10 M final concentration of sodium hydroxide in 180 mL of deionised water.
20 mL of 1 x 102 M silver nitrate was quickly added, whilst stirring at  room
temperat ure in a conical flask at a moderate speed with a 2 lugged glass stirring

rod. Initially the solution was a da rk brown colour and after stirring for 15 minutes

it became a yellow amber colour.

Citrate reduced gold NPs (AuCt NPs) were also negatively charged and synthesised
by the Turkevich method. °" 40 nm AuCt NP spheres were prepared by boiling 500
mL of deionised water in a round bottomed flask mixed at a constant speed with a

2 lugged glass stirring rod over a gas flame. Sodium tetrachloroaurate (60.5 mg) was
added to 1 mL deionised water before adding to the boiling water , followed by

boiling for a further 10 minutes. Sodium citrate (57.5 mg) was dissolved in 7.5 mL
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deionised water before adding, at once, to the boiling sodium tetrachloroaurate

solution, which boiled for 15 minutes. The colour changed from black to purple -red.

2.1.2 Erlotinib -Nanoparticle Conjugation

Since ELis only slightly soluble in neutral water and it is advised that it dissolved in
acidic water below pH 5 or in DMSO, stock concentrati ons of EL were made to 1 x
10° M and 1 x 10* M in DMSO. EL hydrochloride ( N-(3-Ethynylphenyl)-6,7-bis(2-
methoxyethoxy)quinazolin -4-amine hydrochloride) was added to AgHA NPs (1mL,
~4 x 10'*° M) to a final concentration range of 5 x 10'® M to 1 x 10° M. Samples were
agitated overnight at 150 rpm to allow adsorption at ambient temper ature before

centrifugation (4,4 00r.p.m. (2000 g) for 20 minutes) and resuspensionin 1 mL dH.O.

2.2 Stability a nd Characterisation Methods

2.2.1 UV-Visible Spectroscopy

Surface plasmon resonance (SPR) was measured wit an Agilent Cary 60 UV-Visible

(UV-vis) spectrophotometer using Win UV scan V.2.00 software. The instrument was

allowed to equilibrate to RT before using poly(methyl methacrylate) (PMMA)

di sposabl e plastic micro cuvettes with 500 C
from 300-800 nm. Where required, samples were diluted to give extinction profiles

with extinction values of less than one to adhere to the Bee r-Lambert law, to

calculate the concentration of NPs. Measurements were plotted off -line using

commercial software package Matlab 2014b. %

2.2.2 Concentration Estimation of NPs

Concentrations of NPs can be estimated using the Beer-Lambert Law and previously
published extinction coefficients, such as those for AuCt NPreported by Haiss et al .
and for AgHA by Yguerabide and Yguerabide.®'® To gain the concentration
estimation, the NPs optical density (OD) was used as the absorbance (A) in Equation

1, which was divided by the exti hwasicomn coef f
6 dr-za

Equation 1 Beer-Lambert Law

2.2.3 Dynamic Light Scattering

Hydrodynamic radius was measured using dynamic light scattering (DLS) on a

Mal vern Zetasizer Nano ZS with 800 OL of samj
with Zetasizer OV and APS v.(80.nd)0vassusetlaswar e. P
standard to validate the calibration of the system before running samples.

Measuements were taken in triplicate.
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2.2.4 Zeta Potential

Zeta potential was similarly measured on a Malvern Zetasizer in triplicate with a
standard validation being carried out, the difference being that a 1 cm dip cell
electrode was used. The electrode was sonic ated for 1 minute in dH O and rinsed

before use and between samples.

2.2.5 Scanning Electron Microscopy

Silicon wafers were cleansed with methanol and allowed to air dry before adding 5
UL of NPs to again air dry. Environmental scanning electron microscope (ESEM) FEI
Quanta 250 FEGESEM was used to image at an accelerating voltage of 30 kV and
typically a spot size of 4 was selected, and an Everhart-Thornley detector collected
secondary electrons. Image J (National Institute of Health (NIH)) with FiJi plug -in

was used to measure the average diameter of the NPs, 101803

2.2.6 Nano Tracking Analysis - Quantif ying Particles

Nano Tracking Analysis was performed on a Malvern NanoSight LM10 to obtain
particle number / mL of suspension by means of Brownian motion passing the 642
nm laser beam. The chamber and window was cleansed with methanol and lint free
wipes then dried with nitrogen gas. Observations were made from the chamber
through a 20x magnification objective using video rate recording, at 30 frames per
second (fps). Acquisitions of 30 second videos were captured in triplicate and the
number of particles p er frame were averaged per sample, and then across
replicates. Particles per mL were calculated based on the fact that the chamber
holds 8.416 x 10* L of suspension. Further to this the concentration can be
calcul ated by f ac tnombérmfg6.0220415A ¥ 10 padicles Pes

mole.

2.2.7 Liquid Chromatography - Mass Spectroscopy

AuCt and AgHA conjugates were prepared in triplicate in lo -bind Eppendorf
microcentrifuge tubes as in method section 2.1.2. A calibration curve of free -ELwas
prepared in triplicate in serial dilution from 300 nM halving the concentration with
each dilution in lo -bind Eppendorf microcentrifuge tubes. Samples (triplicates) were
applied to liquid chromatography dmass spectrometry (LC-MS) using an Accucore 150
C18 2.6 um 100x2.2mm (Thermo Scientific) column fitted with a guard on a Thermo
Ultimate 3000 HPLC. A gradient of increasing acetonitrile (with water as the
agueous mobile phase) was used to elute analytes into a Q Exactive mass
spectrometer. Samples were loaded at a flow rate of 300 uL / min in 2% B, then a
gradient was run from 28 -40% B. Theses parameters were optimisedin pilot studies

(by running 2-40% over 20 mins to define the region where EL eluted). The % B was
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increased to 80% to wash the column for 4 minutes, prior to a re -equilibration at 2%
for 5 mins to prepare for the next run. Eluted samples were directly sprayed into a
hybrid quadrupole -Orbitrap mass spectrometer (Q Exactive, Thermo Fisher
Scientific Bremen Germany). Data were acquired in wide scan positive mode. In
order to generate mzML files, an R script from the work of Wills, Edwards -Hicks and
Finch was used to convert from .raw to .mzML files, to then detect and extract
peaks files of the extracted ion chromatogr ams to write to .tsv files. % The .tsv files
were used to plot and integrate the areas of the intensity peaks. These data were
used to generate the standard curve used for the quantification of the  supernatant

samples.

2.2.8 Kinetic Aggregation Study in Cell Culture Media

An Agilent Cary 60 UV-Vis spectrophotometer was used with Cary WinUV software
to run kinetic scans with a 30 minute periodicity. PMMA micro cuvettes were used
with dH 0, and baselines were applied per cuvette. Conjugates were added to the
cell media or dH.O immediately prior to analysis. Matlab 2014bwas used to analyse
the resulting spectra. The cell medium spectrum was removed as background from

all the test sample spectra and likewise for dH.O and the respective spectra.

2.3 Cell Preparation, Cytotoxicity and Proteomics

2.3.1 Cell Culture Maintenance and Characterisation

Routinely NCFH1355 human lung adenocarcinoma cells (American Tissue Cell
Culture (ATCC)) and HCC827 human lung adenocarcinma cells (ATCC) were
cultured in complete high glucose Dulbecco's modified Eagles medium (DMEM)
containing 4500 mg/L glucose, 584 mg/L L -glutamine (Sigma #D6429) and
supplemented with 10% FBS (Gibco #10270), final 100 U/mL of Penicillin /
Streptomycin (10,000 units/mL Penicillin, 10,000 U/mL Streptomycin) (Gibco
#15140122) and 2.5 pug/mL final concentration of Amphotericin B (Gibco #15290 -
026).

The cells were passaged twice weekly by aspirating media off before rinsing with

1X pH 7.4 phosphate buffered saline (PBS) and detaching the adherent cells with
0.25% trypsin. The PBS containsl57 mM Na*, 142mM CI', 4.45mM K+, 10.1 mM HPO.?",
4.6 mM H,PO,. Cells were then resuspended in complete DMEM before being
transferred at an appropriate cell density to a new f lask or dish. Cells were

maintained in a humidified incubator at 37°C in a 5% CO , atmosphere.

Cell media supernatant was tested for the presence of mycoplasma with the
MycoAl ert E Mycopl doma#ATDeINg kythe Deohniddli Services

36
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at the Medical Research Council (MRC) Human Genetics Unit (HGU) at the Institute
for Genetics and Molecular Medicine (IGMM), University of Edinburgh. To prepare
the cell media supernatant, the cells were grown with antibiotic and fungizone free
medium that contain ed only FBS, for 4 days. Any cells in the media supernatant
were removed by centrifuging 1 mL at 2,000 rpm for 5 minutes, the resulting
supernatant was then sent for testing.

FTA®R Sample Collection Kit for Human Cell Authentication Service (American Type

Culture Collection (ATCC) # 135-XV) was used to authenticate both cell lines used

during this study. Cells were spotted onto
for Short Tandem Repeat (STR) profiling by PCR. STRs can detect misidentified,
cross-contaminated or genetically drifted cells against a genetic database of human

cells, held by LGC Standards and ATCC.

The protocol used by ATCC was described as follows:

0Seventeen short tandem repeat (STR) l oci p
Amelogenin, were a mplified using the commercially available PowerPlex® 18D kit

from Promega. The cell line sample was processed using the ABI Prism® 3500xl

Genetic Analyzer. Data were analysed using GeneMapper® ID-X v1.2 software

(Applied Biosystems). Appropriate positive a nd negative controls were run and

confirmed for each sample submitted. 6

2.3.2 Preparing Fixed 2D Cell Cultured Windows

In preparation for incubation with NPs and cell mapping, the cells were harvested
by trypsin detachment with DMEM added at 1:10 respectively. They were then
counted with Trypan blue viability stain in a haemocytometer counting chamber
and seeded in 35 mm Ibidi tissue culture at a cell density of 1 x 10° cells with 2 mL
of DMEM. They were incubated in the routine cell culture conditions for 24 ho urs

before being treated with NPs.

Cell treatments were added to the dishes mentioned above with AgHA NPs, EL-
AgHA AuCt NPs and EEAuUCTt conjugates or fresh media for control cells. After the
incubation period of 0.5 to 24 hours the cells were washed five times with PBS
before fixing with 4% v/v paraformaldehyde (PFA)in PBS for 15 minutes at RT. The
cells were then washed three times with PBS and five times with water before air

drying. A sample of the EL-AgHA NP conjugate was dried onto a coverslip for

comparative SERS studies.
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2.3.3 Immuno-Fluorescent Staining

Cells were cultured and fixed as described in section 2.3.2 onto cell culture
windows. Any stimulated cells were treated with a final concentration of 50 ng/mL
EGF ligand far 15 minutes. Following this the cells were fixed for 15 mins and
washed with PBS before being permeabilised, and non-specific binding was blocked
with 1% bovine serum albumin (BSA in phosphate buffered saline tween (PBSTJ with
0.1% Tween 20 (blocking buffer) for 1 hour at RT. The WEGFR primary antibody
(Biotechne #A300-388A) was added as 1:1000 (1 pg/mL) in the blocking buffer
overnight at 4 °C. Any phospheEGFR studies useddpEGFR Y1068 (CST #3777) at
1:1000 in blocking buffer. Three PBS washes were performed before the secondary
antibody Uirabbit Ab was added at 1:500 in blocking buffer for 1 hour at RT.
Subsequently DAPI staining was added at 300 nM final concentration for 20 minutes
before washing with PBS, then a final 3 washes in dH 0.

2.3.4 Trypan Blue Cell Viability Counts

Cells were seeded as described in section 2.3.2 but instead of individual 35 mm
dishes, 6 well plates were used. Cell number was 0.5 x 10 ® and media volume 2 mL.
Cells were treated with AgHA NPs, AuCt NPs the EL conjugated forms at final
concentration of 0.17 nM NPs and 300 nM EL to match the free-EL treatment
concentration and an untreated control, in triplicate and left to incubate for 72
hours before counting. After 72 hours the media was removed, cell s were rinsed
with PBS and 0.5 mL of trypsin was added to detach cells before 0.5 mL of complete
medium was added to recover the cells for counting. If required cells were diluted
before counting on the haemocytometer, both live (non -blue cells) and dead ( blue

stained cells) cells were recorded.

Statistical analysis was carried out on MiniTab v.18.1 using p<0.05 significance level
to test the null hypothesis of no difference in the sample means by one -way ANOVA,
where equal variance was assumed and a two sided confidence interval was
selected. After a significance was established within the group as a whole from the
one-way ANOVA, a -Moe kaealysiss wasp anrsdticted. This assessed
significant differences in a pairwise approach, to then group statistica lly significant

samples together.

2.3.5 Alamar Blue Assay

Alamar Blue (Invitrogen, #DAL1100) was used as a less toxic option to screen a
variety of cell lines for response and the resulting IC s, of a panel of cell linesto EL
Alamar blue measures the metabolic activity of the cell and can be read

colorimetrically or by fluorescence, the latter being more sensitive.
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The cells were plated at a density of 10,000 cells per well in the inner 60 wells of a
96 well plate. Outer wells were filled with 200 uL  PBSto pre vent evaporation of
media from treated wells. The treatments were added in triplicate for 1 d 4 day
incubation periods to assess the anti-proliferative effect of the conjugate and

parent drug.

EL hydrochloride sourced from LKT and ELfrom Selleck were both dissolved in DMSO
from Sigma Aldrich. Both treatments were added to the cell wells at 10 uM, 3 uM,

1 uM, 0.3 uM, 0.1 uM, 30 nM, 10 nM and 3 nM in a volume of 100 pyL of complete
DMEM. Controls of untreated with media only and in media were included as 100 %
and cell death viability measures respectively, as well as, media only and media
with alamar blue, to serve as background measures. After 3 days had passed, Alamar
Blue was added at 10 % of the media volume and left to incubate for 2 -8 hours in
the cell incubator. Duration was dependant on the proliferation rate of the cells as
the enzymatic turnover rate and hence colour change was determined by cell

number.

A TECAN Spark 20M plate reader was used to analyse the results using Spark Control
V2.1 software. The plates were read colorimetrically from the bottom at 570 nm
and 600 nm absorbance. The fluorescence was also collected with excitation filter
wavelength of 540 nm, bandwidth 25 nm and emission filter wavelength of 590 nm,
bandwidth 10 nm. The results were stored as an excel spreadsheet and processed
on GraphPad Prism v.5.01.

2.3.6 Live/Dead Staining Assay

Cells were plated as per the experimental section Chapter 2 with cell density seeded
at 0.5 x 10° cells per 35mm Ibidi chambe r and left to adhere overnight. 1 mL of NPs
were added to cells at a final concentration of ~ 0.17 nM. First the conjugate
treatments were prepared with 300 nM final EL concentration and left to incubate
at RT overnight rotating at 1 50 rpm. NPs and conjugates were centrifuged at 2,000
g, supernatant removed and resuspended in 100 yL dH;O. Finally the washed NPs
and conjugates were mixed in 2 mL of the cell media to incubate with the cells for

4 872 hours.

Fluorescent images were taken at 4, 24, 48 and 72 hour intervals to assess cell

viability and proliferation. To do so the treated media was removed and retained
aseptically before the fluoresclein¥E/sDEaADE
Viability/Cytotoxicity Kit, for mammalian cells kit was used (#L3224, ThermoFisher

Scientific). The final concentration sol uti

C
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calcein AM (1live cel {1sdution(ead celgshainimgh 0 OM Et h
of the prepared staining solution was incubated with the cells for 15 min  utes in the

cell incubator before removing for imaging. On completing the imaging at the first

time point, the respective treated cell media were returned to the cells and

incubated until the next time point when the process was repeated for live/dead

staining.

All images were collected at the same acquisition settings and then processed using
Image J (National Institute of Health (NIH)) with FiJi plug -in to measure the area of
fluorescent stain. Details of the instrument and software can be found in the
experimental section 2.6.2. A sample size of 3 images were analysed per sample
with 9 montaged image squares per replicate image. Thus 27 fields of view were
assessed per treatment.

MiniTab v.18.1 was used for statistical analys is following the methods used in

section 2.3.4.

2.3.7 Inductively Coupled Plasma - Mass $ectrometry (ICP-MS)
Inductively Couple d Plasmad Mass Spectranetry (ICP3MS) was carried out by staff
at the Laboratory of the Government Che mist (LGC group), after the samples had
been prepared as below.

The cells were plated at 1 x 10°cells per well in a 6 well dish before being treated
with AgHA NPs and 300 nMEL AgHA conjugates (see 2.1.2) or vehicle alone.
Sibsequently dishes were rinsed with 1 mL PBS which was removed and an aliquot
retained for particle estimation by NanoSight Nano Tracking Analysis (NTA) (see
2.2.6) and UV-Vis spectrometry. Trypsin (0.5 mL) was added to detach cells from
the dish and 1 mL of complete media was used to neutralise the trypsin. Cells were
then centrifuged at 1,000 rpm for 5 min to separate the cells from the media and
any particles that were contained therein. An aliquot of the supernatant was
retai ned to estimate particle concentration. The cells were then lysed using  Radio-
Immune Precipitation Assay (RIPA) lysis buffer (Thermo Fisher #10017003)to release
the particles from the cells for quantification by ICP  -MS.

ICRMSwas carried out by LGC and a detailed report is found within Appendix A

starting at page i. Experimental details were described as follows:
0Sample Preparation

Sample tubes were gently shaken to mix the solution thoroughly prior to opening.

Approximately 0.05 g of sample was accurately weighed into PTFE microwave
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digestion vessels, followed by the addition of 0.1 g of 2 mg kg -1 of Indium (In),
which will be used as an internal standard to correct for any instrumental drift or
ionisation effects. 1.4 g of HNQ (UpA grade, Romil Ltd., Cambride, UK) and 0.45 g
of ultrapur e wa+l,etga NMaxihad UK} wehdadded to each vessel
which was subjected to the following conditions:

1) 10 minutes ramp to 180°C at 800 W
2) 10 minutes hold at 180°C at 800 W
3) 15 minutes at 0 W

After digestion, the digest solutions were made up to 20 g with ultrapure water
( >1 8. 2-1MNMaMaxima, UK) (to achieve a final acid concentration of 7%) and

analysed without further dilution.
Calibration standards

Quantification of the samples was performed via external calibration using a silver

standard from an accredited supplier (VHG, Manchester, USA). The working

standards were prepared daily by gravimetric dilution in 7% HNO 3 to match the acid

concentration in the samples. Thework i ng r ange was™ Qalibtatmon 6 0 Og
curves achieved correlation coefficients of at least 0.995. Indium was added to all

the calibration points, as an internal stand
kg, matching the concentration in the samp les.

Instrumentation

The analysis was carried out using an Agilent 8900 ICP-QQQMS. The samples were
introduced into the plasma via a micromist nebuliser, operating at a pumping mode

of 0.1 rpm, and using a Scott type double pass spray chamber cooled to 2° C.

The 107,109Ag and 113,115In isotopes were measured in no gas mode. The
instrument was tuned daily for optimum signal intensity and stability with typical

operating parameters.
Quality Control

To ensure the quality of results a reference material was sub mitted to the same

sample treatment as the samples. During analysis, up to 8 samples were bracketed

by a 6checkd standard, typically the middl e
was no drift in the signal. Additionally, spike experiments were performed by

adding RM8017 to the cell lysates followed by the same microwave digestion as the

samples (see sample preparation section), to
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2.3.8 Single Particle ICP-MS (spICRPMS)
splICRMSwas conducted by LGCand full details are fou nd from page i of Appendix

A. Experimental details are described as follows:
0Sample receipt and storage

Cell lysates samples were received from University of Strathclyde in 1.5 mL
Eppendorf tubes cont ai nofsagpleawhiphrwers stomed atel vy 3 00
4°C until analysis.

Calibration standards

NanoXactTM PEG coated Ag NPs from Nanocomposix, Inc with the mean diameter
of 40 nm (lot: PTM0O006) were in -house characterised using a reference method and
consequently used for spiking experiments and for the determination of the
transport efficiency, a key parameter that influences the accuracy of number
concentration data. lonic Ag standard from VHG Labs, Inc. (lot: 127001 -5) was used

in spiking experiments and also to determineth e det ect or 6s response.
Sample Preparation

NanoComposix was diluted to the required concentration in 0 2.5% TMAH
(Tetramethylammonium hydroxide), 0.1% Triton -X solution in order to calculate

the transportation efficiency. lonic Ag standard was diluted in 2. 5% TMAH, 0.1%

Triton-X prior to detectord6s response determinat
gravimetrically. Sample preparation was undertaken using a method previously

developed in-house, in which samples were digested using basic hydrolysis to keep

th e integrity of nanoparticles. Briefly, upon  arrival, cell samples were digested by
mixingwith 50 OL of 15% TMAH per 25 OL of cell 1y
in an ultrasonic bath and 24 h incubation at room temperature in the dark. Once

the incubation time was finalized, digested samples were diluted approximately

20-fold with 0.1% Triton -X100. Further dilutions were prepared in 2.5% TMAH +

0.1% Triton X-100.
Instrumentation

spICRMS measurements were performed using an Agilent 8900 ICP-QQQMS. The
samples were introduced into the plasma via a micromist nebuliser, operating at a
pumping mode of 0.1 rpm, and using a Scott type double pass spray chamber cooled

to 2°C. The instrument was equipped with the MassHunter4.3 (version: G72dC
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C.01.03) software and microsecond detection capability, allowing the analysis in

single particle mode. Theinstr ument per f ormance was v-grified
tuning sol u-ilbfcCe, C¢ Li, TOand Y in 2% HNO3). After the daily

performance check, the ICP-MS conditions were optimized to obtain maximum

107Ag sensitivity with a minimum background contribu t i on us i sigonicc Og L
silver solution. Analyses in fast transient analysis (TRA) mode were performed with

6No Gasd using a dwell time of 0.1 ms per po
measurements and using the newly developed Single Particle Appl ication Module

of ICP-MS MassHunter software. The general settings of the ICP-MS are given in

Table 1. After each sample run the instrument was cleaned with 1% HNO3 0.1%

Triton X-100 solution followed by ultrapure water after each sample. Each sample

was measured2-3 ti mes wunder repeatability conditi ol

Table 2 Typical operating parameters for spICP ~ -MS measurements

Parameter Agilent 7700
RF Power (W) 1550
Sampling depth (mm) 7
Carrier gas (L min™) 1.09
Make up gas (L min™) 0
Sample/skimmer cones Ni/Ni
Sample uptake rate (mL min™) 0.35
Spray Chamber (°C) 2
Dwell time (ms) 0.1
Acquisition time (s) 60
Isotopes measured 1O7Ag

2.3.9 Western Blot Phosphoproteome Analysis
Cell culture was conducted as per Chapter 2 (except cells were cultured in 9 cm
dishes at a density of 6 x 10° cells and treatments were appropriately scaled up in
volume, the final volume being 8 mL)
Reagents
Cell Lysis

1 RIPA buffer (Thermo Fisher #10017003)

1 Protease and phosphatase inthibitor tablets (Pierce # A32959 Lot #SA2286913)
Protein Estimation - Bicinchoninic Acid A ssay (BCA assay)

1 BSA (SigmaAldrich #A3733-100G) (concentration curve for BCA)

1 Solution A- Pierce #23228

9 Solution B- Pierce #1859078
Western Blotting

1 10xTBS

1 TBST (1.8 tween 20 in 1XTBS)
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4-15% gel Mini Protean TGX stain free Precast gels (BioRad #4568085)
10X TGS (BioRad #16D772 (1X 25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS,
pH8.3))
Trans-Blot Turbo Transfer Pack- 0.2 um nitrocellulose (Bio -Rad #1734159)
BSA (Signa-Aldrich #A3733-100G) (5% in TBST as blocking buffer)
1° Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit
mAb (CST #4370)
1 1°Anti-EGFR mAb [ E GFREGFR (B&mmy Abi#A30B88A) 1 mg/mL
use at 1 ug/ mL (1:1000) overnight
1 Pierce ECL Western Blotting Substrates thermo fisher # 32106
1 ReBlot Plus Strong 10x Solution (stripping) (EMD Millipore #2504)
Instrumentation
1 Vacusafe Comfort Aspirator, IBS Integra Bioscience to remove PBS from cell
washes.
Eppendorf Centrifuge 5424R (Refrigerated) to collect cell lysates.
TECAN Spark 20M plate reader with Spark Control V2.1 software for protein
determination with BCA assay.
Stuart Orbital Shaker (SSL1) to wash membranes.
Biorad PowerPac HC 330W to run the gel electrophoresis.
Biorad TransBlot Turbo Transfer System to transfer from the gel to the
membrane.
1 Biorad ChemiDoc MP Imaging SystemUniversal Hood Ill with Image Lab V.4.1
software to image the protein levels on the membrane.
1 Microsoft Excel 2013 was used to create protein calibration curves from the
BCA assay.
Cells were plated at a density of 6 x 10°cells in 8 cm dishes with 8 mL of medium
and left for 24 hours before NP, co njugate, and EL treatments were added for 4 or
24 hours. The NPs and conjugates were added to a final concentration of 0.15 nMin
8 mL of media. The conjugates had a range of final concentrations from 1 nM to 1
UM of EL The free-EL treatment also ranged f rom 1 nM to 1 uM. Treatments were
aspirated on ice and ice cold PBS was used to wash the cells twice before angling
the dishes and allowing all excess PBS to gather for aspiration (this results in an
undiluted sample). Pre -chilled lysis buffer consisting o f RIPA buffer and protease
and phosphatase inhibitor tablets was added at a volume dictated by the estimated
cell number which was 0.25 - 1.0 mL per 5 x 10° cells, as advised in the
manufacturerds guidance. Cells were mthen sc

centrifuge tube and incubated on ice for 30 minutes, agitating every 5 minutes.
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Finally the lysate was pelleted by centrifugation at 13,000 g for 15 minutes at 4 °C,
then the cell lysate supernatant was decanted to another centrifuge tube and stored
at -80 °C.

Protein content was estimated per sample with a BCA assay. A calibration curve
prepared by adding to a 96 well plate in duplicate 0, 1, 2, 3, 5, 7, 10 pg/uL protein
from a stock BSA solution of 1 mg/mL. Each of these was made to a total volume of
10 uL, similarly the test samples were added as 1 yL to 9 pL dH >O. The BCA reagent
was made freshly each time and added at the last moment as a 1:50 dilution of
Solution B:Solution A. The BCA reagent (100 yL) was added to each well and
incubated forupto 1 hour at 37 °C before reading on the TECAN Spark Plate reader.
The results were plotted on Microsoft Excel 2013 to achieve a linear response of
over 0.997 R value. The absorbance of the test samples were plotted against this

and a concentration gained fro m the equation of the line.

The cell lysate samples were then prepared for SDS-PAGE electrophoresis gel
loading, typically at 20 pug in 20 pL final volume with 10x SDS loading dye and

denatured at 90 °C for 5 mins. Gels were loaded with 20 pL of the denatu red cell
lysate and 4 pL of molecular weight ladder before running at 180 V for 45 minutes.

Gels were transferred onto nitrocellulose membranes using the BioRad TransBlot
Turbo Transfer System using the Midi gel 10 minute transfer setting. The membranes
were trimmed and incubated in blocking solution for a minimum of 1 hour at RT or
overnight at 4 °C whilst rocking. Primary antibodies were prepared in the blocking
solution at 1:1000 and were left to incubate at 4 °C overnight whilst rocking. Three
washes were performed with TSBST whilst rocking at 10 minute intervals, before
adding the secondary antibodies for 1 hour at RT rocking, then washes were

conducted once more as before.

The membranes were then handled gently with tweezers to avoid damaging them,
the excess TBST was blotted off. ECL reagents were prepared at 1:1 immediately
before use and added to the membrane to incubate for 3 mins before shaking off an
excess. Bands were imaged on a Biorad ChemiDoc MP Imaging SystemUniversal
Hood III with Image Lab V.4.1 software to quantify the protein levels on the

membrane from the protein species observed as bands.

Phosphoproteins were always probed for first and then the membrane was stripped
with Re-Blot Plus Strong 10x solution made to 1X in dH2O for a maximum of 15
minutes. The membrane was then rinsed thoroughly with water and the process of

blocking, primary antibody, washes and secondary antibody incubation etc. was

45
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repeated. The second probing for protein was always for the total protein relating

to the phospho-protein counterpart.

2.3.10 Reverse Phase Protein Array

1 x 10° cells were plated in 6 well cultre dishes for one day before treatment with

10 nM EL, 10 nM EE0.34 nM AgHA NPs, 10 nM ED.34 nM AuCt NPs, 0.34 nM AgHA
NPs, 0.34 nM AuCt NPs and 0.1 % DMS@hicle control for 4 or 24 hours. PBS andlysis
buffer were pre -chilled before use and cells were scraped from the dish over ice.

Cells, in biological triplicate, were washed with PBS and lysed in 1% Triton X -100,
50 mM HEPES (pH 7.4), 150 mM sodium chlode, 1.5 mM magnesium chloride, 1 mM
EGTA, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 1 mM sodium
vanadate, 10% glycerol, supplemented with complete ULTRA protease inhibitor and
PhosSTOP phosphatase inhibitor cocktails. Cleared lysates were serially diluted to
produce a dilution series comprising four serial two -fold dilutions of each sample,
which were spotted onto nitrocellulose -coated slides (Grace Bio-Labs) under
conditions of constant 70% humidity using the Aushon 2470 array platform (Aushon
Biosystems). Slides were hydrated in blocking buffer (Thermo Fisher Scientific) and
then incubated with validated primary antibodies (all 1:250; listed within the
appendix). Bound antibodies were detected by incubation with anti -rabbit DyLight
800-conjugated secondary antibody (New England BioLabs). An InnoScan 714dR
scanner (Innopsys) was used to read the slides, and images were acquired at the
highest gain without saturation of the fluorescence signal. The relative fluorescence

intensity of each sample spot was quantified using Mapix software (Innopsys).

The linear fit of the dilution series of each sample was determined for each primary
antibody, from which median relative fluorescence intensities were calculated.
Signal intensities were normalized to tot al protein printed (determined from a fast -
green stained array slide). Only primary antibodies with normalized signal
intensities at least 1.5 times the value of the secondary antibody alone in at least
one sample were included in the analysis to exclude d ata derived from weak or non -

specific signals.

Results were pre-processed in Microsoft Excel 2013 to normalised against the Fast
Green protein loading values, before performing heairarchical cluster analysis to

create heatmaps in Gene Cluster 3.0 v.1.56 and Java TreeView v.1.1.6r4, 19°1%
S u d e n-tesi significance testing was done with GraphPad Prism version 5.01for

Windows, GraphPad Software, San Diego California USA, www.graphpad.com,
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before interactive network analyses were carried out with Cytoscape v.3.6.1
107,108

supplemented by GeneMANIA plugin application v.3.5.0.

2.4 Transmission Electron Microscopy

2.4.1 Sample Preparation

Cells were cultured in 35 mm culture dishes at a density of 1 x 10 °®cells in 2 mL of
medium. 300 nM EL-NP conjugates were prepared as described in 2.1.2 and
incubated with the cells at a final concentration of 0.2 nM for 4 hours in standard

cell culture conditions.

Fixative was prepared fresh with 2.5% glutaraldehyde in 0.2 M Pipes pH 7.2 and pre -
warmed to 37°C. Medium was removed and cells washed thoroughly 5 times to
remove excess particles. Cells were fixed for 15 minutes in 750 pL of fixative in the
fume cupboard before scraping to dislodge the cells. Cells were pelleted at 10,000

g before being processed and sectioned for analyses.

Specimens were then post-fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate
for 45 minutes, then washed in three 10 minute changes of 0.1 M sodium cacodylate
buffer. These samples were then dehydrated in 50%, 70%, 90% and 100% ethanol
(x3) for 15 min utes each, then in two 10 -minute changes in propylene oxide.
Samples were then embedded in TAAB 812 resin
a Leica Ultracut ultra -microtome, stained with toluidine blue, and viewed in a light
microscope to select suitable areas for investigation. Ultrathin sections, 60 nm
thick were cut from selected areas, stained in uranyl acetate and lead citrate then
viewed in a JEOL JEM1400 Plus TEM operated at 80 kV spot size 2 The TEM facility
at the University of Edinburgh is sup ported by the Wellcome Trust Multi User
Equipment Grant (WT104915MA).

2.4.2 Measurements

Representative images were collected on a GATAN OneView camera before
processing dimensions of NPs with Image J, as performed previously with SEM results
(2.2.5)_1016103

2.5 Raman Spectroscopy

2.5.1 Colloidal Based Measurements with CBEx and S nowy Range
Instruments

A concentration curve was carried out for ELconjugated to AgHAand AuCtNPs that
were assessedoy SERS analysis. SERS analysis was carried out on Snowy Range CBEXx

2.0 handheld Raman spectrometer (Snowy Range Instruments, Laramie WY USA)
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equipped with a 638 nm laser with a maximum laser power of 40 mW (23 mW at
sample), and also Snowy Range Sierra 2.0 Enowy Range Instruments, Laramie WY
USA)equipped with a 532 nm laser with maximum power of 50 mW. Samples were
deposited in glass vials for interrogation. Unless stated otherwise, all sample
volumes were 600 pL and spectra were collected using 100% laser power at the
sample with a 0.05 s accumulation time. The software used to acquire spectra was
Peak 1.1.112. Resulting spectra were baseline corrected in Matlab 2014b typically
using polynomial smoothing of 1 x 10’ and asymmetry of 1 x 103,

2.5.2 Raman Mapping with Renishaw In Via

A Renishaw InVia Raman confocal microscope was used to create nitial depth
profiles, to establish the focal plane of the fixed cells in correlation with the white

light images. Subsequently 3D SERS maps were collected in edge Streamline HR high
confocality mode at 1 pum resolu tion in X and Y directions and 3 pm between Z-
stacks. A 60x magnification NIR APO Nikon water immersion objective with a 1.0 NA
was used on the samples at a laser power of 1.2 mW (10% power)at the sample,
from a HeNe 633 nm excitation source with a 300 ms acquisition time per point, and
a 1200 I/ m grating in high confocality mode . Wire 4.2 software was used to pre -
process the data by using their proprietary nearest neighbour then width of feature
cosmic ray removal and baseline subtraction features. Thereafter signal to baseline
analysis was usedto create pseudo colour maps for the area of the alkyne peak at
1982 cm* Raman shift by selecting the peak area of 1940-2040 cm* and also the
lipidsand proteins from the peak area of 2800 83000 cm™.

2.5.3 Raman Mapping with Microfluidics device

The device was prepared by Dr Marjorie Willner following the protoco | described in
detail in their microfluidics paper published in the analyst chemistry  journal , which
references the technique previously outlined by McMillan et al ..**** Cells were
plated at 1 x 10 ° cells per 35 mm dish as in SERS imaging studiesthe difference in
preparation from 2.5.2 was during the harvesting and washing of cells to | oad the
device and that they were not fixed (neither on a surface matrix nor in cell
suspension) The cells were detached as per routine cell culture by trypsinisation
(2.3.1), an extra 4 mL of cell cult ure media was added to wash the cells by
centrifugation at 1000 rpm for 3 minutes. The supernatant was removed and 1 mL
pre-warmed PBS was added to redisperse the cells, immediately before delivery
cells were gently passed through a syringe and 25 G needle to remove any cell
aggregates The microfluidic device was connected to 2x 1 mL syringes with
poly(tetrafluoroethylene) tubing. The continuous oil phase was filled with FG40 (3M

Company) fluorinated oil with 2 wt % block copolymer fluorosurfactant (desi gned by
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the Weitz Group at Harvard and supplied by RAN Biotechnologies, catalog no. 008 -
FluoroSurfactant, Beverly, MA, U.S.A.). The aqueous dispersed phase of PBS used to
carry the droplets of cells was connected to another syringe. Appropriate sized
droplets were formed to view individual cells by employing a flow rate of ~ 0.2
mL/hour, controlled by the automated syringe delivery pump.  Thereafter, the cells
were focussed on within the device and imaged as in the SERS mappingxperimental

section 2.5.2.

2.6 Multi -Modal Imaging

2.6.1 Dark-Field Microscopy

A Nikon Eclipse LV100 microscope with Halogen 50 W light source LV-LH50PC,
CoolSnap HC Photometrics camera and the following filters - Semrock Brightline
FITG3540BNTE and TXREBIO40BNTE and DAPI filter cube with 365-414 Ex and
438/26- 483/32 Em d was used. The objective used was cover glass correcting 20
x/0.45 S Plan Fluor Nikon WD 8.2-6.9 and MetaMorph V.6.3r0 software by Molecular
Devices for NP localisation and uptake studies.

2.6.2 Confocal Fluorescence Microscopy

A Leica Microsystems TCSSP8with continuous wave visible lasers and Leica DMi8
inverted microscope and DFC 7000T and TL LED cameras was used. The software
was Leica Application Suite X V.3.1.5.16308 to carry out biomarker and live/dead
studies using a Leica 63x magnification HC PL APO water objective with a 1.2 NA.
Intensity and area of fluorescence was measured using Image J (National Institute
of Health (NIH)) software with FiJi plug -in for live/dead studies. %
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Chapter 3 Characterisation of  Erlotinib -
Nanoparticle Conjugates

OAI'l $otthsngs can happen when youdre open to

Stephanie Kwolek, Kevlar inventor, Lavoisier Medal for technical achievements.

3.1 Introduction

In the main introduct ion of this thesis, the issue of elucidating intracellular drug

localisation was discussed. This is pertinent to understanding the reasons for

ineffective cancer treatments and being able to prescribe the best second or third

line treatments. The main conc erns impeding progress in this in vitro research area,

are the requirements for dye tags or reporter molecules , as a means to visualise

small molecule inhibitors or inferring localisation through downstream effects on

the cell. It cannot be assumed thatth e s e dyes do not affect the

that no anti -proliferative effect means that there is no drug within the cell.

Once basic physic-chemical characterisation of the NPs and ELconjugates have been
analysed, the conjugates will be added to cells . The results presented here will
explore the Raman and SERS signatures of the parent drug EL and the
electrostatically attached EL conjugate. To address obtaining together a good SERS
signal and low-toxicity of the bare NPs; both AuCtand AgHAcolloids were explored

as conjugates.

3.2 Rationale of Colloid Choice, Synthesis &
Characterisation of Nanoparticles

AgHA NPswere used initially as proof of principle in this project to detect a SERS
signal intracellularly from EL It was selected for its known ability to produce the
most intense SERS signal of all the metallic NPs silver has superior extinction
properties explained by the LSPR associated with the enhancement in its optical
cross-section. @3 No Raman reporter was used in this system, therefo re initially
the inherent SERS signal of the conjugate was the priority , hence selecting AgHA
NPs. However, to address any cytotoxicity concerns linked with  AgHA AuCt NPs
were also included at various stages in the study. Unless stated otherwise,
prelimin ary studies were conducted in AgHA, and AuCt was included in selected

experiments.
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The Leopold and Lendl method was used to synthesise the AQHA NPs at a size of ~40
nm of monodispersed, negatively charged, roughened, spherical silver colloid
reduced with h ydroxylamine hydrochloride. ® This was selected over the Lee and
Meisel citrate reduction method to synthesise silver NPs as it is quicker and safer,
since it does not require reflux and is able to create more re producible
monodispersed particles, with uniform shapes between batches. Mott and
Maenosono note that Ag citrate NPs can be synthesised in larger spheres of ~ 40 nm
but this is at the expense of both the shape and size uniformity. *** The Turkevich
method was used to prepare spherical colloidal gold of ~40 nm, which was also

negatively capped with the exception that it was citrate reduced. ¥’

In general,
negatively charged NPs were selected, as it allowed the overall positively charged

EL molecules (Table 1) to be electrostatically attached to the surface.

3.3 Characterisation of Colloid

3.3.1 Scanning Electron Microscopy (SEM) of Colloids

Several batches of AgHA NPswere used throughout the project, Figure 18 (A)

presents a typical SEM image, which was used to measure the diameter. Here, a

mean size of 44 £ 7 nm was recorded from measuring 20 AgHA NPs with ImageJ
(National Institute of Health (NIH)) with FiJi plug -in.***!* The same method was
employed to assess the size of the AuCt NPs resulting in monodispersed spheres with
a diameter of 38 + 4 nm (Figure 18 B). Again several batches were required and they

were all ~40 nm on average.

L
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Figure 18 SEM on carbon wafer of (A) AgHA NPs, mean diameter 44 + 7 nm (n=20) and
(B) AuCt NPs, mean diameter 38 + 4 nm (n=20), both scale bars 500 nm.

3.3.2 Localised Surface Plasmon Resonance of NPs
A U\LVis spectrometer was used to collect i nformation regarding the general size
and monodispersity of the particles. The extinction profile, that is a combination of

absorption and scattering, was found to have a lambda max of ~400 nm for 40 nm
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AgHA NPgFigure 19). Itis generally accepted in the nanometrology field that FWHM
<100 nm is considered to be a colloid constituted of monodispersed sized AgHA NPs
The AuCt NPcolloid had a surface plasmon band at ~525 nm indicating that the NPs

are ~ 40 nm (Figure 19), according to Haiss et al. published extinction profiles to

estimate size and calculate colloid concentrations. %°

Each batch of particles were characterised when synthesised and as a control with
each experiment to monitor concentration and stability. In ~ Figure 19 the extinction
profile of the batch of NPs from the SEM (in Figure 18) can be seen. They hada R
maximum of 406 nm with a full width half maximum (FWHM) of 71 nm, satisfying

the monodispersity approximation and that they were roughly 40 nm. The extinction

coefficient calculated by Yguerabide et al. of 2.87 x 10 M! cm™, was used to

estimate a concentration of typically ~0.34 nM NPs. %
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Figure 19 Extinction profile of AgHA NPs - 2 ma x = 406 nm, FWHM =
concentration=0. 34 nMand AuCtNPs-2 max = 528 nm, FWHM = 105 nm,
=0.34 nM.

3.3.3 Hydrodynamic Diameter and Zeta Potential of NPs for Stability
DLScan be used as an approximation of the hydrodynamic diameter and the stability
or zeta potential can be judged using a Malvern Zetasizer instrument. The
hydrodynamic diameter of the AgHA NPs was 48.3 + 0.5 nm with a polydisper sity
index (PDI)of 0.272 which confer s that the particles, as with the UV - Vis spectrum,
are monodispersed. The zeta potential was -57.9 + 7.7 mV confirming that the
particles are negatively charged and that they are stable, again this can be seen by
the one clear narrow peak on the UV -Vis spectrum (Figure 19). The hydrodynamic
diameter of AuCt NPswas 38.4 = 0.1 nm with a PDI of 0.049 * 0.011 and the zeta

potential was -55.6 = 6.6 mV from an average of 3 readings. These measurements



Chapter 3- Characterisation of Erlotinib -Nanoparticle Conjugates 53

indicate that the AuCt NPs are stably , negatively capped with a size of around 38

nm and that they are extremely monodispersed from the low PDI number.

The Zetasizer was only used initially as an indication of the physiochemical
characteristics. The preferred option was to observe the stability u sing the
extinction profile for peak dampening and secondary peak appearance in the UV -
Vis spectrum, along with the SEM for size and monodispersity. Overall they were
found to be more reliable and informative than the Zetasizer. Furthermore during
drug loading studies, the hydrodynamic diameter did not seem to alter probably due
to the small molecul ar size of EL Therefore, SERS intensity was used to confirm the
surface attachment of EL This was justified because there was no Raman signal
detected from the EL only in solution at the concentration and acquisition settings

used.

3.4 Functionalisation of NPs and Physio -Chemical
Characterisation of Erlotinib Concentration Curve

The first step of the study was to establish the optimum EL- AgHA NP conjugate
preparati on to image within cells. This entailed producing a stable conjugate to add

to cells, with a strong SERS signal, at a clinically relevant concentration. A
preliminary detailed concentration curve was conducted at 50 or 100 nM increments
from O to 1000 nM EL on AgHA NPs. Later comparisons were made between equal
concentrations of similar sized AgHAand AuCt particles withthe EL The conjugation

protocol to adsorb the EL onto the NPs is described in section 2.1.2.

3.4.1 Colorimetric A ssessment of Conjugate Stability

The rising concentration effect of EL on the stability of the particles was shown in
Figure 20. The photo clearly show ed that 800 6 1000 nM EL on AgHA NPs caude
complete precipitation of the collo idal suspension due to aggregation. It is thought
that this could be due to approaching monolayer coverage inducing self -
aggregation, since no aggregating agent was added. To investigate the
concentrations where no change can be seen by eye, UV-vis spectroscopy was used

for SPR assessment of the samples.

The footprint of EL in the geometry it attaches to the NP surface wa s 0.7 nm,
approximating 1 angstrom bond size across the 7 bond widths of the molecule as it
attach ed from the acetylene group to the parti cle.? Assuming the use of 39 nm
spheres, the area of the sphere was calculated (A = €) to be 5188.1 nm? and EL
molecules attached to the surface was 7412 according to the EL footprint. U sing

8.68 x 10% particles /mL to obtain a total surface area and hence estimate the
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number of molecules of EL that ca n attach it was calculated as 6.43 x 10 ** molecules

of EL. Subsequently, taking i ntwthaktnnlLoedume, Av ogac
the monolayer coverage of EL on 39 nm spherical NPs wa 1.07 x 10° M. In Figure

20, the stability of the particles were observed to deteriorate due to aggregation

when approaching the monolayer coverage concentration , which was 1.07 x 10° M.

usi W W N W W e

Figure 20 EL on AgHA NP conjugate concentration curve left to rig  ht of the image, EL
from 0, 50, 100, 150, 200, 25, 300, 350, 400, 500, 600, 700, 800, 900 and 1000 nM EL.

3.4.2 Localised Surface Plasmon Resonance of Conjugates

The LSPR was examined to establish the functionalisation efficiency and the
stability of the conjug ates. Figure 21 shows that with increased concentrations of
EL the peak dampens at the lambda maximum and a new peak appear ed at around
600 nm. These two features combined indicate that the colloid was no longer stable
at the high er EL concentrations. It demonstrate d that aggregation was causing
particles to cluster together and precipitate out of solution, thus creating large
aggregates that reduced the extinction at 405 nm and increase d it in the red shifted
area of the UV-Visible spectrum. Hence, anything above 500 nM EL was not
considered for this study as the level of aggregation cannot be controlled and the
particles must be less than 100 nm to enter cells and deliver the EL for monitoring
by SERS imaging>**®

To examine the LSPR more thoroughly, the lambda maxima were plotted in  Figure

22, where it was clearly seen that b eyond 600 nMtherewas an i ncrease in
recorded. This change in the physiochemical properties of the particles would not

be favourable to continue with, in cellular experiments. To complete the
physiochemical characterisation the hydrodynamic diameter and zeta potential

were measured as an indication of functionalisatonof ELont o t he NP&s sur f

its stability once it was self-assembled.
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Figure 21 UV-Vis spectra displaying the extinction profiles of EL on AgHA NP conju gate
concentration curve from 0 to 500 nM, 600 - 1000 nM were omitted for clarity.
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Figure 22 Lambda max from the extinction profiles of the UV -Vis spectra of EL on AgHA
NP conjugate concentration series (0 - 1000 nM EL on AgHA).

3.4.3 Hydrodynamic Diameter & Zeta Potential of Conjugates for
Stability
The Zetasizer was used to examine the properties of the AgHA conjugates in the
concentration curve, including the hydrodynamic diameter and the zeta potential,
which were measured in trip licate to obtain an average and standard deviations
(SD$ following the method in  2.2.3 and 2.2.4. It wa s observed in Figure 23 both A
& B that there wa s no real fluctuatio n in zeta potential values or hydrodynamic
diameter as the concentration of the EL was increased. This was probably due to
the small molecule size of the ELthat does not appear to be extending beyond the
scattering of light from the water loosely associat ed with the surfa ce of the
particles. ELwas only slightly positive and no difference in charge was detected in

the zeta potential; this means that the particles are still relatively stable but the

55
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surface attachment cannot be determined by this method. To ascertain whether or

not EL had electrostatically bound to the surface a SERS spectrum was required.
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Figure 23 Physiochemical characterisation of  EL on AgHA NP conjugate concentration
curve from 0 to 1000 nM, with error b ars displaying the SD. A) Zeta potential, B)
hydrodynamic diameter.

3.4.4 Solid & Colloidal SERS

Following on from the physiochemical characterisation of the EL-AgHA NP
conjugates, it was pertinent to establish the SERS signal of the conjugates as
confirmation o f attachment. Figure 24 compared the Raman and SERS spectra
respectively of the solid and colloidal conjugate signal of ELhydrochloride, on both
AgHAand AUCtNPSELO s c he mi c al sasbnauded inthefiguwea Closer
inspection of the spectra show ed that certain peaks were lost in the SERS spectrum
compared to the Raman spectrum. This was due to the selection rules of SERS,
whereby bonds in a geometry perpendicul ar
enhanced, which can sometimes mask weaker vibrations. Most importantly, Figure
24 provided evidence that the a Ikyne moiety band assignment had a spectral shift
from the solid EL powder to the conjugated form for both  AgHAand AuCtNPs. More
specifically, the alkyne peak shifts from 2111 cm * to 1985 cm™ and 2010 cm*
respectively for AgHAand AuCt conjugates. Referring back to the aim of imaging
the localisation and secondly assessing the release of the EL from the nanodelivery
system, it wa s vital t o this study that free-EL could be distinguished from its NP -
bound EL counterpart. Figure 24 proves that this discrimination wa s an achievable

goal.
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Figure 24 Normalised Raman and SERS spectra of EL hydrochloride. (A) solid EL
acquired with 3 accumulations of a 10 s scan by 633 nm laser (3.4 mW power), (B) 300

nM EL-AuCt NPs, (C) 300 nM EL-AgHA NPs. Both B and C acquired by 638 nm laser (23
mW power at sample) 0.5 secs 5 acquisitions  from 3 samples averaged. All spectra
were normalised to 1 against the maximum peak intensity for each sample. Black dots
highlight phenylacetylene ring in  -plane bending peak and black arrows demonstrating

the spectral shift of the acetylene stretching pea k, depending on the surface
attachment to NPs. (D) Structure of  EL.

The band assignments of EL mentioned above were in alignment with those peak

assignments already published in the literature. %2°° Figure 24 clearly shows the
phenylacetylene ring in -plane bending at around 1000 cm™ and then the ac etylene
stretching peak, which wa s different for Raman and on the 2 SERS substates. Table
3 summarised the remaining peak assignments of the EL spectrum from ordinary

Raman (OR) of the powder and the solution based SERS samples seen ifrigure 24
using information from the DFTcomputational energy modelling of Lam etald 2014
EL paper.? The Raman shifts presented from this study in Table 3 were in agreement

with the shifts previously published. 22

The Raman shift of the alkyne moiety
observed here supported their theory that the molecule binds via its acetylene

group to the NPO&ds surface.

It was discernible from Figure 24 that there wa s a shoulder to the lower Raman shift
region on the alkyne peak of the EL -AuCt NP SERS spectrum. Joo and Kim studied
the effects of various anions on peaks which appear in this region (~1960 -1985 cm
1) of phenylacetylene and concluded that the bindi ng to the surface of the Au NP
was altered depending on the concentration and type of anions present. *® Hence,

the presence of the anions can result in multiple peaks inthe ©C C stretching region
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and due to the weaker Raman intensity than the main C  C vibration they can appear

as a O6shoulderd instead of <c¢clear peaks. Furt

Raman shift of the acteylene vibration will vary dependent on the me tallic surface

it binds to as a result of the adsorption geometries. The data presented here  were

in agreement with this postulation made by Joo and Kim. *® It must also be stated

that the s urface chemistry, although overall neg atively charged in both cases, wa s

not exactly comparable due to the different reducing methods of synthesis for the

Ag and Au NPaused here. However they had similar zeta potentials of -57.9 mV and

-55.6 mV respectively.

Once the SERS signal was achieved and peaks were assigned, a more detailed study

was required to ascertain the optimum concentration of EL to be used for cell

mapping. Initially , AQHA NPs were investigated as a pilot study before expanding

into AuCt NPs when a better understanding of the concentrations required was

obtained.

Table 3 Raman and SERS peak assignments, first 2 columns are data based on  Density

Functional Theory (DFT) calculations from Lam et al. 22 The remainder of the results

are from this study, spectraarepresent ed i n Figure 25. Key: Ordinar:

str et chi-planebemnding; i nout -of-plane bending.

OR SERS | OR Au SERS | Ag SERS Peak Assignment

em?) | em?) | (em?) | (em™) (cm™)

999 996 1000 999 100 N (phenylacetylene ring)

1150 | 1160 | 1151 n a(©-CHs)

1170 1169 1164 1163 b (C-H)

1244 | 1251 | 1246 | 1254 1244 N(CH) , -N) ((®!N)

1273 | 1297 1273 n(quinazoline rin

1408 | 1402 | 1408 | 1406 1403 nCqui nazol i(Ml) (G

1444 1444 1468 1471 N(N-H) , (phgnylacetylene ring)

1533 | 1527 1533 1526 1532 n(quinazol i(MA) rin
1571 1571 1576 1576 n(quinazol i(MK) rin

1589 | 1599 1589 n(phenyl acet y(NB)ne

1617 1619 1600 1605 nN(phenyl acet y(NB)ne

2111 2008 2111 2010 1985 n (CrC)

3.4.5 SERS Concentraion Curve of Conjugate
A SERS concentration curve of the conjugates based on the data from the
physiochemical characterisations was carried out to explore the optimum EL

concentration to image.



Chapter 3- Characterisation of Erlotinib -Nanoparticle Conjugates

Presented in Figure 25 was a correlative study of the same samples interrogated in
the physiochemical characterisation section of this chapter. Indicated previously,
the only method that was successful in determining the NP functionalisation was
SERS analysis. To recap this was because the yddrodynamic diameter, zeta potential
and SPR band of the EL loaded NPs did not markedly alter from those of the bare
NPs. That was to say that peak dampening was observed only when particles were
unstable at higher EL concentrations but there was no indica tion at lower
concentrations if the EL was attached to the surface by these modes of

investigation.

More specifically, Figure 25 was a detailed study of the effect of the concentration

of EL on the SERS signal from the conjugates it focusse d predominantly on the most
stable range of 0-500 nM in 50 or 100 nM increments. For clarity only concentrations
of 0-500 nM ELwere included in the full spectral graph s of (A) and the alkyne peak
had been enlarged for ease of viewing in (B). It was seen from the spectra in (A &
B) that with increasing concentration up to 500 nM EL that the SERS intensity
increases. ThenC C peak isolated in (B) was used to determine the peak area values
across the full concentration range studied. In Matlab 2014b, these peaks were
baseline corrected and the area under the peak was calculated and plotted as a bar
chart in (C). % Analysis of the area under the peak of t he alkyne across the
concentration gradient concludes that beyond 400 nM EL the SERS signal drops. The
SERS datavere concurrent with the stability test results of the SPR band position
from the UV-Vis experiment ( Figure 21 & Figure 22) and the colour of the samples
in the micro centrifuge tubes in Figure 20. Overall a good compromise on signal
detection and control of the level of aggregation (which affects the size of particles

or clusters entering the cell) meant that 300 nM was established as a sensible

concentration of EL to continue with throughout the study.
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Figure 25 SERS ofEL on AgHA NPs (A) SERS spectra of 0 8500 nM EL, (B) zoomed into
the alkyne peak, (C) bar chart of peak areas of alkyne peak over the extended range

up to 1000 nM EL. Acquisition time was 0.5 s, 5 acquisitons averaged, CBEx 638 nm
laser power source at maximum of 40 mW, at sample was 23 mw.

Progressing the experiment further, it was pertinent to ascertain whether the AuCt
NPs would display a similar response to the concentrations of EL used to

functionalise the AgHA NPs. Since the physiochemical properties were not as
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informative as the SERS data when assessing theEL-AgHA NPs, the next experiment
was designed to compare only the alkyne SERS peak area of AuCt NPs to that of
AgHA NPs and assess the colour of the patrticles by eye. The concentration of both
metallic NPs were controlled to be the same of ~0.34 nM from UV -Vis concentration
estimation, both particles were ~ 40 nm spheres ( Figure 18). This was also an
opportunity to determine the optimal means to process the data and decide how to

measure the alkyne signal, by peak area or peak inte nsity.

The conjugate samples of 0-1000 nM EL on AuCt and AgHA NPs were prepared in
triplicate following the 2.1.2 method. A CBEx handheld spectrometer was used at
an excitation wavelength 638 nm to obtain 5 acquisitions of spec tra per replicate
of the samples (n=3). Presented in Figure 26 are the resulting spectra that were
baseline corrected and plotted in Matlab 2014b. % Spectrum (A) was EL-AuCt NPs
plotted with the same intensity scale as spectrum (B) EL -AgHA NPs, spectrum (C)
showed that EL-AuCt NPs hal a scale that was 10x less than that for the AgHA NP
conjugates. It can be seen from (D) that both sets of the conjugates appeared to be
just as stable in AuCt and AgHAup to 300 nM EL The main exception between the
two was the 1000 nM EL-AuCt conjugate which looked more stable, however after

the wash step the sample precipitated out of solution completely and turned clear.

To discuss the different intensity response of Ag versus Au NPs when detecting the
adsorbed EL analyte it should be remembered that the NPs were of a comparable:
size, shape and concentration. The only obvious differences being the metal
material and the surface chemistry, as the reducing agent was hydroxylamine
hydrochloride for Ag NPs and sodium citrate for Au NPs. However, as stated in
section 3.3.3 the zeta potential, or surface char ge, was similar at -57.9 mV for AQHA
and -55.6 mV for AuCt NPs

The surface charge can correlate with the amount of adsorption and average SERS
signal.**” As mentioned previously, the binding geometries can affect the SERS signal

intensity of certain peaks on different materials, which wa s obsewed here.'*®
Overall the full Raman spectrum appears to be less intense for AuCt NPs than for

AgHA NPs, this may be due to the reducing agents not being the same.

It could be that the gold produces 8x less intense SERS signal than silver, this was
shown by Kustner et al. in 2009 when comparing SERS intensities from red laser
interrogation of gold spheres to that of gold shells over spherical silver cores. *®The
AgHA conjugate may form a small number of aggregates that are not observed in

the UV-vis at the ~600 nm region but nonet heless this minority population could



Chapter 3- Characterisation of Erlotinib -Nanoparticle Conjugates =~ 62

give a great enhancement, where as any AuCt aggregates would create a second

SPR peak beyond the laser lire wavelength and would not be enhanced as much by

a 633 nm laser.

Pilot experiments were carried out by synthes ising AUHA NPs to test the theory that
surface chemistry could be responsible (data not included). However the NPs were
found to be unstable and yielded too low a concentration to make it a viable option
to pursue further. *° It was also found that it was difficult to make reproducible

batches of AgCt NP, so they were ruled out as not being a fair comparison to AuCt

NPs!2°
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Figure 26 SERS signal from (A) AuCt NPs (0.34 nM), (B) AgHA NPs (0.34 nM) and (C) AuCt
NPs (0.34 nM) same samples again but at a smaller scale on Y  -axis to resolve peaks.
Conjugates were ranging from 0 -1000 nM EL. Interrogated with CBEx 638 nm handheld
spectrometer at full power (40 mW at laser source or 23 mW at the sample) for O. 05s
with 5 acquisitions averaged per replicate, n=3. Alkyne Raman shift of AgHA NPs = 1985

cm* and for AuCt NPs = 2010 cm . (D) Photograph of the conjugates after incubation
with EL but before washing excess EL off.
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To scrutinise the AuCt versus AgHA NPs comarison further, the peak areas were
calculated as detailed earlier in this chapter for  Figure 25 (C). The peak intensity
was calculated by determining the maximum SERS intensity of the alkyne peak for
all samples and then plotted as a bar chart with the SDs. Presented in  Figure 27 (A)
and (B) are the alkyne peak areas and peak intensities respectively. The intensity
values were obviously different between these sets of data but the overall trend
across the concentration gradient and SD values are equivalent. It was concluded
that both methods would be acceptable for any future signal intensity investigations
for cell maps. Additionally it was visible by eye from Figure 25 (D) that once the
colour of the colloid becomes darkened slightly (750 nM) that the stability begins to
deteriorate and this was mirrored in the SERS signal, as the peak intensity and peak

area both deceased above 500 nM EL.
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Figure 27 SERS signal of EL conjugates: AgHA (yellow) and AuCt (blue) with 0 -1000 nM
EL. Interrogated with CBEx 638 nm handheld spectrometer at full power (40 mW) for

0.5 s with 5 acquisitions averaged per replic ate, n=3. (A) Alkyne vibration (area under

the peak) * SD, (B) signal intensity of the alkyne vibration from AgHA 1985 cm 1 Raman
shift (yellow) and AuCt 2010 cm ! Raman shift (blue) + SD.
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3.5 Summary

The key results from chapter 3 are summarised to conclude this section. AgHA and

AuCt NPs were synthesised asmonodispersed ~40 nm spheres, were negatively

charged and stable. Conjugates were prepared by functionalising the colloid with

EL in a self-assembly electrostatic approach. The alkyne Raman peak was found to

shift from 2111 cm ™ to 2010 cm™ and 1985 cnmi* from the powder EL to AuCt and
AgHAconjugates respectively. This Raman shift indicates that the molecular binding
isviatheacetylenet o t he particl esd sevasindicatethat3Goncentrr
nM EL was a sensible submonolayer level of functionalisation for 40 nm NPs to

remain stable, it was found that with monolayer coverage causes self -aggregation

occurring at ~1 uM EL.

Taking into account the functionalisation characterisation data from this ch  apter
on SERS signal and stability of conjugates, it was decided to progress onto the cell
studies with 300 nM EL conjugates. This was for use in 3D SERS mapping to address
the aim of conjugates distribution.  Another factor to be addressed wa s the toxicity
of the NPs, conjugates and free-ELto the cells. To be able to carry out the efficacy
and toxicity studies the cells needed characterised for biomarker expression levels

and EL sensitivity. These topics are addressed with in the next chapter.
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Chapter 4 Cytotoxicity and Efficacy  of
Conjugate versus Free-Erlotinib

0Solely the dose determines that a thing is not a poison . 6
Prof. PT.Par acel sus, Al chemist & ph\y149345412 n

4.1 Introduction

During the introduction of this thesis, the concept of toxicity and efficacy of
nanomedicines depending on the delivery mode, size and particle type was outlined.
Currently discussion within the cancer community surrounds the repurposing of
existing drugs, amongst other avenues, to advance treatment for patients. One such
route would be the re -formulation of treatments as nanomedicines, there are
various examples of this in recent years, which have been approved for use by the
FDA.73’79’121

In order to utilise re -formulations in the treatment of patients, they must be
rigorously tested in vitro before foll owing the in vivo pre-clinical and clinical trial
regulated work flow. In order to be approved, the intervention must first of all be
proven to be safe, secondly that it wa s effective and finally, better than the current
standard treatment. Non -inferiority studies must prove that they are safer or more

cost effective for the patient if they are not improving efficacy.

In NP research to date, there has been lack of agreement in the field over the
correct means to assess toxicity of NPs themselves. In short, each cell type and
particle type need tested empirically, due to auto fluorescence of metallic particles
causing interference with more advanced, automated plate based fluorescent
assays®® Hoskinset al. also reported the issue of over estimation of viability with

many cell assays, it is endemic within the field and needs careful consideration. *°

This chapter aims to address the in vitro stage of the aforementioned cytotoxicity
and efficacy of the nano -delivery of EL, in comparison to the standard free-EL
delivery. As mentioned in th e previous paragraph, this can be difficult to perform
owing to the unique properties of m etallic particles in their nano scale size. Here,
various techniques have been used including basic live or dead cell staining and
more complex protein analyses of EGFR expression and downstream signalling

pathway studies by immunofluorescence and Western blots.

O0Fat
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4.2 Rationale of Cell Line Choice

Tarceva (EL was originally prescribed for patients in the USA for the following

indications as stated in the prescribing informa tion leaflet:

0 T h e -lfné treatrhent of patients with metastatic NSCLC whose tumors have

EGFRexon 19 deletions or exon 21 (L858R) substitution mutations as detected by

an FDAapproved test. The maintenance treatment of patients with locally

advanced or metastatic non -small cell lung cancer whose disease has not progressed

after four cycles of platinum -based first-line chemotherapy. The treatment of

patients with locally advanced or metastatic non -small cell lung cancer after

failure of atleastoneprio r chemot herapy regi mené TARCEVA
gemcitabine is indicated for the first -line treatment of patients with locally

advanced, unresectabl e or m&t astatic pancrea

Therefore, as NSCLC was the major indication that EL was used to treat, it was

decided to use lung adenocarcinoma cells as a model during this study.

In order to not only image the EL-NP conjugate inside the cell but also to assess its
effecti veness, care was taken to select a cell line that harbours the mutation
rendering it sensitive to EL, EGFRm+To determine whether the conjugate delivery
could enhance the effect of EL on a wild -type, or insensitive cell line, a control
cancer line was selected without the mutation, EGFRwt HCC827(ATCC® CRL
2 8 6 8i€ & human lung adenocarcinoma EL sensitive cell line with the EGFR
activating mutation. H1355 (ATCC® CRi5 8 6 Ssfahuman lung adenocarcinoma EL
insensitive cell line without the sensitizing mu tation; both cell lines originated from
the ATCC? Previous imaging studies in the field have selected cell lines which do
not respond to EL and were therefore not clinically relevant. In this case it was

important to the second aim of the study to investigate drug efficacy. *°

4.3 Character ising Cell Lines

4.3.1 Mycoplasma Testing to Verify as Infection Free

Mycoplasma is a cell infection caused by simple and small (100 nm) bacteria that
are problematic in cultured cells, and which cannot be detected by a light
microscope. Mycoplasma are resilient against many antibiotics as they do not
possess a cell wall, which is the target of most antibiotics. Contamination rates can
vary from 10-87% and this is an issue as its presence can affect the properties of the
cells. @27 Miller et al. found by microarray data that mycoplasma infection can

affect the signalling and expression of growth factors, oncogenes, cell adhesion,
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stress responses and metabolism!?® It was deemed prudent to ensure that both the

cell lines were infection free , as well as to authenticate their genetic origin.

The H1355 and HCC827 cell lines were tested for mycoplasma with the biochemical
MycoAl ert E Mycopl asdy TedmitabSenvices MROHGU, IGMM,
University of Edinburgh. The kit by Lonza lyses any viable mycoplasma to release
enzymes which catalyse the conversion of ADP to ATP. The luciferase enzyme in the
kit substrate produces a light signal from the energy produced by ATP. A ratio of
ATP levels was obtained by taking measurements both before and after addition of
the substrate, anything >1.4 was positive, <1 was negative and in between the cells

need incubated for a further 48 hours before re -testing collected media.

In this case the mycoplasma results were negative, as seen in Table 4. The test line
H1355 passage 13 resulted in aratio of 0.75, which wa s <1 and categorized as a
negative result. HCC827 passage 12results are seen in Table 4, t he ratio was 0.64,

which was <1 and also a negative result.

Table 4 Mycoplasma test results for H1355 and HCC827 cell lines

Sample 2" Reading | 1% Reading | Score Result

H1355 Positive Control 522 95 5.49 Positive
H1355 Negative control 62 129 0.48 Negative
H1355 p13 41 55 0.75 Negative
HCCB827 Positive ©ntrol 970 233 4.16 Positive
HCC827 Negative ©ntrol 86 281 0.31 Negative
HCC827 p12 70 109 0.64 Negative

4.3.2 Cell Line Authen tication - Short Tandem Repeat Profiling

Cross contamination or misidentification of cell lines can lead to studies with ill -
informed conclusions formed as a result of the mistake. Further to this is the
inaccurate reporting of the true nature of a cell lin e, whereby cells are described
as e.g. ovarian when they are in fact pancreatic. The true extent of the problem
will never be known but a recent publication has highlighted the issue and certain
journals now have a pre -requisite that any cell lines used ar e authenticated before
a manuscript i s considered. Vaughanet al. wrote a perspective piece on the issue,
stating that as many as 18-48% of cell lines are believed to be misidentified,

effectively invalidating any research or pre -clinical data collected. *?° This has many
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implications but at a basic research level, it wa s a waste of consumable budgets
and public funding to carry out experiments on incorrect cell lines. It is an endemic
issue in life science research that needs quashed through cell line authentication

each time a new cell line is received by a laboratory as a gift from another research

group.

Cell lines can be verified by genetic profile testing. Here, authentication of the
genetic STRprofile of NCI-H1355 and HCE827 was performed utilising the cell line
authentication se rvice run by ATCC. The description of the protocol entailed is

quoted below.

o0Cel | l ines were authenticated using Short
described in 2012 in ANSI Standard (ASN0002) Authentication of Human Cell Lines:
Standardization of ST R Profiling by the ATCC Standards Development Organization

(SDO) and in CapesDavis et al., Match criteria for human cell line authentication:

Where do we draw the line? Int. J. cCda&hcer. 2

The results of the STR profiling can be found in Figure 28, identifying the cells as A)
NCHEH13550r ATCC catalogue humber CRE5865 human lung adenocarcinoma cells.
This was determined by a 100% match for the 8 core loci by an allele matching
algorithm. Figure 28 B) presents the STR results of the HCC827 line used in this study
as a 100% match for HCC827which i s catalogued as CRE2868 by ATCC and $ also

a human lung adenocarcinoma cell line. %

Originally H1355 was gifted for use in this study under the cell name H3255 , which

should have been hypersensitive to EL.*Dur i ng the cel | aut hentic
STR profiling it was identified as H1355, which wa s also a lung adenocarcinoma but

was EGFRwt and not EGFRm+as it should have been. It was genetically a
monoculture and presumed that a simple mislabelling of cryovials occurred before

it was received for this study . Therefore, any initial studies conducted in this line

still stand as legitimate controls, despite at the time thinking it should have been

responsive to EL. The cells were tested when suspicion arose over the provenance

of the cells, since they were not responding to EL treatments as anticipated.

Subsequently several cell lines were acquired from the IGMM, ECRC, Edinburgh

(Prof. Margaret Frameandco-wor ker 6 s | aboratories) to run a
to EL. The HCC827 cells that had previously been identified as a sensitive line was

available, once EL sensitivity was confirmed experimentally over a 72 hour

metabolic activity assay, t he cells were also authenticated by ATCC.
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Cell Line
» Authentication Service FTA Barcode: STRA7361
ATCC STR Profile Report ATCC Sales Order: SO0152500

Addendum: Comparative Output from the ATCC STR Profile Database

% |ATCC® Cat.| Designation D58818 | D13s317 | D7S820 THO1 AMEL TPOX
Match No.

100 STRA?36‘I |H3255 NCI 11 3 iS 13 |‘I4 17 i9 12 1213

100 | CRL-5865 NCI-H1355; Lung
Carcinoma, Human

(Homo saplens)

8,13 14,17 9,12 12,13

11,13 ‘12 ‘12

B)
Cell Line
Authentication Service FTA Barcode: STRA8811
ATCC STR Profile Report ATCC Sales Order: S00226325
Addendum: Comparative Output from the ATCC STR Profile Database
% ATCC® Cat. Designation D5s818 | D13s317 | D7S820 | D16S539 VWA THO1 AMEL TPOX CSF1PO
Match No.

100 STRA8811 HCcs27 12 9 11,12 12 18 6 X 8 1

100 CRL-2868 HCC827 ; Lung 12 g 1112 12 18 6 X 8 1
Carcinoma; Human
(Homo sapiens)

Figure 28 Cell line authentication by STR profiling conducted by ATCC identifying A)
NCFH3255 as NCI-H1355 human lung cancer cells and B) HCC827 as HCC827 lung cancer
cells.

Further characterisation was conducted once the relevant cell lines were

authenticated, such as profiling the EGFR biomarker expression levels.

4.3.3 Epidermal Growth Factor Receptor Expression Levels and
Distribution

Constitutively active EGFR is observed even in the absence of the EGF ligand to
activate the receptor. To assess the EGFR expression pattern, a series of conditions
were set up for both cell lines. The cells were incubated without FBS (starving
conditions i.e. lacking ligands) and the standard culture conditions of 10% FBS
(which naturally contains hormones and stimulating ligands) for 24 hours in
duplicate. Afterwards one set of each cell line was then exposed to 50 ng/ mL of
human EGF (hEGF) ligand for 20 minutes before the fixation and permeabilisation
protocol from section 2.3.3 wer followed . The antibody incubations were followed
asper2.3.3u s i nEEGFRIL® antibody andUWimouse 2° antibody. The cells were then
imaged on the confocal microscope system described in 2.6.2. The images were
acquired at consistent settings across all samples to highlight any changes in
expression levels and patterns of EGFR in an unbiased manner. The excitation
sources used for the blue DAPI and red fluorescence were 405 nm and 561 nm
wavelength respectively. The objective was Leica 63x water immersion 1.20 NA HC
PL APOCS2.

Representative images were montaged into Figure 29 for both HCC827 (A-D) and

H1355 (EH) cell lines. The first column i s a merge of all other columns, second
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column is bright field, third column i s DAPI nuclear staining (blue) and the last

column is EGFR staining (red).

First to describe the HCC827 ell samples: Figure 29 A) was 0% FBS and nbEGF
which had diffuse staining and some punctae; B) was 0% FBS with 50 ng/mLhEGF
that shows similar staining as (A) but slightly more intense and a great er number of
punctae; C) was 10% FBS and nbEGF which hadfar more EGFR staining in both a
diffuse and punctate dis tribution than (A) and (B); D) wa s 10% FBS and 50 ng/mL
hEGF that had similar distribu tion to (C) except it wa s very intense and saturated

in the perinuclear area demonstrating a large amount of EGFR activation.

Next to describe the H1355 sample: Figure 29 E) was 0% FBS and no EGF which had
faint diffuse and punct ate distribution but less intense than similar condi tions (A)
for HCC827 cells; F) was 0% FBS with 50 ng/mLhEGF that showed similar staining as
(E) but slightly more intense punctae; G) wa s 10% FBS and nbEGF, which had more
intense EGFR staining than (B and (F) in a diffuse distribution and the punctae
were less obvious; H) was 10% FBS and 50 ng/mhEGF,the EGFR staining was slightly
diffuse with the most intense punctae out of all the H1355 cell conditions but far

less than HCC827 cells which becamesaturated.

In summary, the images for H1355 EGFRvt cells had faint EGFR expression in the
absence of ligand, which indicate d low levels of constitutively active EGFR. HCC827
EGFmRh+ cells have strong EGFR signals present even without hEGF or FBS,
demonstrating that the mutation confers a high level of constitutively active EGFR.
Both cell lines possess constitutively active EGFR but HCC827 expressedthe
biomarker at a far greater level. Ultimately this means that any cell cycle
synchronisation experiments wh ereby researchers would traditionally starve cells
to synchronise the population of cells would not be successful . This was because the
removal of FBS does not prevent EGFR activation and expression as aute
phosphorylation occurs. These data gave an indication that a gr eater expression
level of EGFR was expected in Western blots for HCC827 EL sensitive cells when
compared to the EL insensitive H1355 cells.
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Figure 29 FBS starvation study of EGFR expression on HCC827 (A-D) and H1355 (E-H)
cell lines starved for 24 hours before adding media: 0% FBS (A,B,E&F), 10% FBS
(C,D,G&H), no EGF (A,C,E&G), with 50 ng/ mL EGF for 20 minutes (B,D,F&H). Scale bars
25 um. From left to right - merged, bright field, DAPI nuclear stain in blue, EGFR in red.
Acquired by 63x water objective, 1.33 NA, laser power and acquisition settings kept
constant to emphasise any staining differences.
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Next the finer details of the specific effect thatt he free-ELand conjugated EL had
on its target biomarker the EGF R was studied. This gave an idea of the treatments &

effect on phosphorylation at an intracellular level.

4.4 Efficacy of Erlotinib and its Conjugates

4.4.1 Immuno-fluorescence Assay of pEGFR Biomarker Inhibition

To establish base levels of EGFRand therefore control phosphorylation intensities,
an IFA study was carried out on the HCC827 and H1355 cells to determine the
expression level and distribution. HCC827 and H1355 are known to possess
constitutively active EGFR and this was verified by the FBS titration study ¢ arried
out in Figure 29. It can be seen that without stimulation by EGF, there was a diffuse
staining indicating presence of the receptor. Once stimulated the punctate
distribution appears which demonstrates the activation of the receptor and its
internalisation. This would suggest that it would be difficult to remove all traces of
phosphorylation of EGFR since it was constitutively present, however after
treatment with EL it should be reduced compared to untreated controls. Expres sion
levels can be examined more thoroughly and quantified by Western Blot.

Cells were plated as detailed in 2.3.3, the cells were exposed to the treatments
listed below in Figure 30 for 4 hours after which 50 ng/mL hEGFwas added for 20
minutes before fixation and permeabilisation as in 2.3.3 with the following
ant i bo<pEGFR 1°waH used at 1:1000 (CST3777) 4 AC ov e r-rabbg ht
2° (CST #074) for 1 hour at RT. All images were acquired at the same settings in

order to not skew expression level intensity of pEGFR.

In Figure 30, HCC827 was assessed for pEGFR levels after 4 hoursicubations with
treatment of: A) 100 uM EL (@leath control), B) DMSO (vehicle control ), C) 300 nM
EL, D) AgHA conjugate, E) AuCt conjugate, F) AgHA NPs 0.3 nM, G) AuCt NPs 0.3 nM.
The first colum n was a merged image of bright fie |d, DAPI and pEGFR, the second
was DAPI nuclear stairing (blue) and the last column was pEGFR staining (red).
Qualitatively , it was seen that (F) and (G) had a lower expression level of pEGFR
than the DMSO control (B) and this may be due to fluorescent quenching by the NPs
within the cells. The 100 uM EL positive control (A) for maximum EL effect against
EGFR hd supressed almost all expression of pPEGFR. The 300 M EL sample (C) had
markedly less pEGFR expression than the DMSO cdarol (B). AgHA conjugate (D) had
a similar level to the 300 nM EL (C) and less than its respective AgHA corirol (F).
AuCt conjugate (E) had a similar intensity of pEGFR compared to AuCt NPs (G).

and
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There appears to be a delayed uptake of conjugates into the cell to deliver their
drug payload. Therefore , with a greater incubation time of 24, 48 or 72 hours the
AgHA conjugates may havehad more of an effect. The SERS and uptake studies in
chapter 5 shed furthe r light on this hypothesis. It wa s anticipated that the 300 nM
EL would reduce the pEGFRexpression to appear much like the 100 pM sample,
given time to act fully. Unfortunately , due to time constraints the H1355 cells were
not tested for pEGFR expression as more antibody could not be sourced before the

project ended.

L = —
Figure 30 HCC827 Lung adeoncarcinoma cell line sensitive t o EL, treated for 4 hours
with A) 100 uM EL +ve control for blocking activation of EGFR, B) DMSO control, C) 300
nM EL, D) AgHA conjugate, E) AuCt conjugate, F) AgHA NPs 0.3 nM, G) AuCt NPs 0.3 nM.
Scale bar 50 pm. Left merge of U-pEGFR and DAPI with bright field, midddle nuclear
DAPI stain (blue), right G-pEGFR (red). All acquisitions at the same laser power and
intensity gain.
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After the distribution of pEGFR was qualitatively, the EL sensitive line HCC827 was
prioritised for immunoblotting. Western blots we re used to quantitatively probe the
expression levels of pEGFR for a concentration range of treatments. This was to
further characterise the response of the cells to the various treatments and try to
understand the differences between the AuCtand AgHAconjugates on the sensitive
cells.

4.4.2 Phospho-proteomic Study by Western Blot
The phospho-proteomic studies we re used to indicate activation levels of protein
pathways and hence effective ness of TKlIs. Western blots were used to quant ify what

was observed in the immunofluorescence section 4.4.1.

HCC827 cells were plated, treated, harvested, etc. as described in experimental
section 2.3.9. The Western blot was probed for pEGFR hen stripped and re -probed
for both tEGFR and GAPDH as seen inFigure 31 (A). Qualitatively , the GAPDH shows
equal loading across all the samples, this was used as a housekeeper protein to
confirm equivalent loading. A range of ¢ oncentrations were incubated with the cells
for 4 hours: 0, 10 nM 100 nM and 1 uM EL, either free, as AgHA conjugates or AuCt
conjugates. The controls were: DMSO vehicle control, AQHA bare NP control and
AuCtbare NP control .

The EGFRspeciesin the free-EL samples of Figure 31 (A) have slightly less intensity

than the AgHAand AuCt conjugate samples. Each of the respective controls for
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PEGFR expression: DMSO vehicle control, AgHA NPs and AuCt NPs have similar

expression levels, although the vehicle control ha d a broader protein species, hence
more expression. It is seen that with increasing EL concentrations both free-ELand
AgHA conjugates see a dose dependent response until the protein species almost
disappears at 1 uM. In the AuCt conjugates, the pEGFRspecies only start to reduce
in intensity at 1 yM EL. When comparing the IC 5o of EL on HCC827 cells (10 nM EL)
marked by the asterisk in black, yellow and red, it appears that the AgHAconjugate
had the greatest difference fromits respective control (AgHA NP). From the Western
blot, it appeared that there was equal protein loading from the GAPDH species
present, the AuCt conjugate had little to no effect on pEGFR levels, and the silver
conjugate was as effective as free-EL if not slightly better at the lower

concentration of 10 nMEL on pEGFRuvith less species visible

To investigate more thoroughly, the protein species were quantified for area and
intensity on ImageLab software for GAPDH as the loading control, EGFR and pEGFR,

and the resulting ratios are plotted in  Figure 31 (B). It wa s clear that the vehicle
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DMSO control hadthe greatest ratio of p/tEGFR, by around 3 fold of the other 2
bare NP controls. A dose dependant response was seen with both free-EL and EL
AgHA conjugate, whereas the AuCt conjugate only had an effect at 1 uM. The
absolute ratios for the AgHAconjugates were as low as the free-EL, making them
biologically relevant and as effective asfree-EL However, to take into account any
effect s that the presence of the bare NPs had on tEGFR, the conjugates were

compared against their respective controls.

Figure 31 (C) showsthe p/tEGFR ratio for treatments, normalised to each of the
respective controls for the : DMSO vaicle, AgHA NPs and AuCt NPs. Hergit gave a
clearer view that the AuCt conjugate was unsuccessful in preventing
phosphorylation of the EGFR of the cancerous cells. Conversely, the free-ELand the
AgHA conjugate were effective in  preventing phosphorylatio n and was ultimately
why the cells die d after longer incubations, as they ¢ ould no longer proliferate.
Although it would be interesting to investigate longer incubations with EL it
becomes problematic as the cell numbers decrease in successfully treated sa mples.
Therefore, it wa s practically difficult to harvest adequate cell numbers, to provide
enough protein quantities , to carry out the full Western protocol.
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Figure 31 Western Blot of HCC827 lung adenocarcinoma cells with fr ee-EL, EL-AgHA
conjugates, and EL -AuCt conjugates, = -GAPDH housekeeper loading control, U-pEGFR

and U-tEGFR. B) pEGFR/MEGFRGAPDH protein expression normalised to the DMSO
vehicle control, C) p/tEGFR /GAPDHnormalised to respective controls of vehicle cont rol,
AgHA NPs and AuCt NPs.
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Studying the phosphorylation status of EGFR drug target and other proteins wa s
impractical at later timepoints. A more relevant measure of efficacy  was toxicity
studies on viability levels. It wa s an opportunity to assess whether there wa s a delay
in the effect exerted by the conjugates in comparison to the  free-EL, since the drug
needs to be released from the p article before the active site wa s exposed and
available to block the ATP -binding site target. Cytotoxicity studies are addressed

herein.

4.5 Cytotoxicity Tests

There are many 96-well format assays available for high -throughput analysis of cell
viability, metabolic activity, proliferation etc. in biological laborator ies. The
processes followed, the pros and cons are described in detail in many manuscripts
and book chapters. 13133 \jithin the nanometrology field , a consensusis yet to be
reached on the optimum test. The inclusion of NPs into a cytotoxicity test system
requires empirical testing per cell line and p article type combination. This is to
ensure these trusted and long established biological assays are unaffected by the
nanoscale optical, surface chemistries and other properties of the metals e.g.

catalysis.

During this study, various 96-well plate based toxic ity tests were conducted with
unsuccessful results and for brevity have been excluded from the thesis. However ,
they are mentioned in the interest of progressing science in a collegiate, informed
and productive manner. The reason that these tests did not w ork was primarily due
to unrealistic false positive read -outs that made the cells appear to be e.g. 200%
more viable than the control cells. After conducting full spectral scans for
colorimetric ba sed assays it was found that the SPR of the particles tend to overlap
with the collection wavelength, and it increased the absorbance in a false positive
manner as a result. The assays tested were Alamar blue, MTS (3-(4,5-
dimethylthiazol -2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-sulfophenyl) -2H-
tetrazolium) ), MTT  3-(4,5-Dim-  ethylthiazol -2-yl)-2,5-diphenyltetrazolium
bromide), CellTiter (all metabolic activity assays using colorimetric or fluorescent
outputs) and ATP lite (ATP monitoring system using luciferase to detect ATP in
viable cells through luminescence). In th e interest of transparency and fairness ,
these were not fully tested on the AuCt NPs, predominantly on AgHANPs, and AuCt
may experience less issues than AgHA NPgarticles due to a more red shifted SPR.
To meet the requirements of this study , however, a reliable and accurate test
needed to be sourced that was suitable for all treatments to be compared

concurrently and equally.
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Drag5 fluorescent DNA stain and Draq7 dead cell stains were used on the Incucyte
dynamic cell monitoring system based within the ce Il incubator for microscopically
imaging longitudinal studies instead of relying upon end point analysis. T his was also
unsuccessful as the NPs affected the image processing software. It seemed that the
presence of the NPs in the media caused auto-fluorescence and the thresholding
tool could not differentiate the background noise from genuine cell signal.
Additionally, at higher concentrations of EL or more concentrated samples of NPs

the aggregates that formed were classified as cells due their size and sh ape.

Further to this, Drag5 and Drag7 were also tested briefly for a Raman read out ,
instead of fluorescence, in the hope that fluorescent artefacts would be
circumnavigated. However, there was high background from both the dead cell
Drag5 and viable cell Draq7 controls. It wa s hypothesised that this was due to
surface enhanced fluorescence, when the stain was in close proximity with the
particles, rather than a true interaction with the live cells or DNA intercalation for

Drag5 and Draq7 respectively.

Mentioned in the introduction of thist hesis was the spotlight on the issues of light
based artefacts in the presence of NPs by Ong et al .. They discus®d that NPs cannot
be tested individually with assay components, as there was a complex interplay
between th ese and the cells and media. 8 Therefore, despite including NPs and assay
components alone as a control, this cannot be trusted to fully demonstrate the
artefactual background results created by these particles. To expand up on this
further, another study i s highlighted in the following para graph on the catalytic
properties of AgHANPS.

One such study that exploits the pseudo -enzymatic or catalytic activity wa s that by
Keating et al. , which uses the peroxidase-like activity of silver NPs on peroxidase
substrate 3 , 3 0 ;TétramBethylbenzidine (TMB).*® This study does not discuss the
caveats of fluorescent based cell t oxicity assays and its purpose was to describe the
benefits of NPs exerting an effect on substrate turnover by producing a colorimetric
change. This exemplifies why fluorescent assays are not suitable for use in this study
with silver NPs. The pseudo-enzymatic effect of AQHA NPs would make cells appear
more viable than they are , by producing a higher read out in samples, even where

they have killed the cells.

Another means of testing viability ¢ ould be flow cytometry, although this is not
always readily accessible to every research group and as a result can be expensive.

Flow cytometry can measure a number of cell qualities using nuclear stains and
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antibodies for certain death or viability markers.  ¥"®% Low-tech approaches can also
be utilised but these are usually low -throughput and time consuming , although they
are reliable even in the presence of NPs. The following are examples of low -
throughput approaches that could be utilised for NP toxicity assays to circumvent
the light based artefactual effects. Wound scratch healing assays , which measure
the rate of growth to recover from the area of a well or plate cleared of confluent
cells. Simple Trypan blue viability counts of detached cells. Clonogenic assays ,
whereby the number and size of colonies formed from a small number of single cells
can be quantified. These can take up t o several weeks to grow colonies of cells that
are pre-exposed to treatments before staining to count and plate. After 2 -4 weeks,
these are then fixed and stained with crystal violet to be counted and have their

area measured.

Clonogenic assays were tested during this study however there was a lot of
optimisation to ascertain the initial cell number to be plated. The time spent
renewing the media with treatments over the course of several weeks was labour
intensive and costly in reagents. Ultimately the co rrect cell number was not
established for each line, but given more time this could have been a viable
alternative to flow cytometry or plate based assays.

Live/Dead fluorescent cell stain wa s available for imaging on a smaller scale than
96-well plates. Here, the bulk effect of colloid on autofluorescence wa s not
observed, as cells were analysed on an individual basis. A trusted method was
developed to acquire images and use software to count the number of cells and the

area of fluorescence for both live and dead cells. This was still relative ly low

throughput but the data wa s reliable.

Finally, cells were counted by a very low -throughput and labour intensive but
efficient reagent and instrument -wise using a cost effective option of Trypan blue
cell viabili ty counting. These data are discussed later in the chapter along with
live/dead viability counts. First , the H1355 and HCC827cells were assessed for
response to free-EL alone. Therefore, a standard plate based assay approach was

sufficient for this baseline stage.

4.5.1 Alamar Blue Metabolic Assay

Al amar blue is a mitochondri al met abolic as
activity levels to establish the concentration of drug that inhibits 50% of cells from

growing (ICsg). This can be used to measure the anti -proliferative activity and toxic

effects to cells, as a result of less enzymatic turnover of the assay substrate because
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there are less cells or more unhealthy cells present that have a damaged metabolic
capacity. Fluorescent and colorimetric based ass ays have been unsuccessful during
these studies with the inclusion of NP or conjugate treated cells. The failure of
these assays was due to the interference of the optical density (OD) or artefacts in
fluorescence. However, alamar blue was still useful to characterise the cell lines
response to free-EL only. This enabled an ICs to be calculated for each cell line as
validation that they responded as they should do, based on their EGFRn+ status.
HCC827 with EGFRn+ should be sensitive with a low IC 5, (nanomolar range) and

H1355 which is EGFRvt should be insensitive with a high IC so (micromolar range).

Whilst conducting the IC 5o experiments the results were yet to be received for the
cell authentication. Initial experiments were indicating that H1355 was not
responding to EL as anticipated (i.e. when it was thought to be hypersensitive
H3255). Therefore, a fresh batch of EL was tested alongside the original vial used
to rule out any questions over the potency of the batch being tested. This new batch
was EL from Selleck, which dissolves more readily than the original ELhydrochloride
formulation from LKT. The alamar bl ue screening protocol followed is described in
2.3.5. The results were quantified and plotted in  GraphPad Prism verson 5.01 for
Windows, GraphPad Software, San Diego California USAwww.graphpad.com.

Figure 32 presents the dose-response curves for the 2 EL sources in both cells lines,

(A) HCCB827 sensitie line and (B) H1355 insensitive cell line. DMSO was the vehicle

control for 100% viability and 20 uM staurosporine was the cell death control, and

the EL treatments were ranging from 3 nM to 10 pM. It was immediately obvious

that (A) respond ed to the EL, whereas (B) did not, due to the sigmoidal versusgentle

gradient curve respectively. Within the HCC827 cells (A), the IC s of both sources of

EL and EL hydrochloride have comparable results with 8.7 nM and 15.4 nM of EL
respectively. These data concur with previously published ICsd s i n the fi el
between 2-10 nM. 140342

In Figure 32 (B) the H1355 cells have |G values several orders of magnitude greater
than that of the sensitive cell line. The Selleck ELI1Cso was 0.4 uM and the LKTEL
hydrochloride 1Cso was 0.3 uM EL concentration. This wa s one order of magnitude
less than reported in the literature of 3 pM but was close enough to demonstrate
that they are EL insensitive. ®** Although the line gifted as t he EL hypersensitive
H3255 was nd responding as it should have been according to the literature of an
IGso of 12-89 nM EL, one identified as H1355 it was then in line with acceptable and

published findings. 14044


http://www.graphpad.com/
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The cells have been authenticated as contaminant free and genetic profile s were
identified. These data we re all evidence thatt he HCC827 and H1355 cell lines wee
responding as expected to EL and was verification that they could be used to
examine the efficacy of EL conjugates against the free-EL with al | the correct
controls in place. Therefore, the study progressed to viability counts including the

conjugate treatments.
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Figure 32 Cytotoxicity screen by Alamar Blue assay at 72 hours incubation with two
sources of EL; Selleck for EL and LKT for EL hydrochloride from 3 nM to 10 uM. A)
HCCB827 lunge adenocarcinoma EL sensitive cells and B) H1355 lung adenocarcinoma EL
insensitive cells.
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4.5.2 Trypan Blue Viability Cell Counts

Trypan blue is a vital cell dye that is traditiona Ily used to perform basic cell count s
when maintaining and plating cells by counting with a haemocytometer chamber
slide. The dark blue dye can penetrate the cell membrane of any non-viable cells
that have not full y undergone cell death to the point of de gradation. Therefore , the
cells can be counted and blue dyed cells can be excluded from the total cell counts
to provide a live cell number. This pilot study on the viability of the HCC827 cells
was to test the suitability of the method to assess the viabi lity of all treatments
across both cell lines. Here the cells were plated as described in  2.3.4 and the

statistics were carried as explained in the same methods section.

The cells were all counted in the 4 corner squares of the haemocytometer and this
was repeated in triplicate wells per treatment. From this the blue stained dead
cells were subtracted from the total cell number and then normalised to the DMSO
vehicle control as 100% viable. These data were plotted in Figure 33 as a bar chart
with averages and error bars that are * the SD. All the controls (1% DMSO vehicle,
AgHA NPs and AuCt NPs) have comparable viabilities within the range of 100%
inclusive of SDs. The response to treatments with EL varies, with the free-EL being
most effective but having the largest error bar as 1 replicate had O cells (22% + 18%).
300 nM ELLAgHA NP conjugate killed the cells at a similar rate to the free-ELof 29%
+ 12% viability. Finally, the 300 nM EL-AuCt NP conjugate had a viability that was
equivalent to the controls of 95% =+ 5%. This bar chart indicates that the cells were
sensitive to treatment from free and AgHAbound EL but not AuCtbound EL
Furthermore, the cell line wa s unaffected at these concentrations of A gHA and AuCt

bare control NPs. To delve deeper into the differences the statistical analyses are
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Figure 33 Trypan blue viability count ~ of HCC827 lung adenocarcinoma cells treated by
DMSO vehicle control, EL, conjugates (AgHA & AuCt) and NPs (AgHA & AuCt).
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Statistic al analyses were carried out in MiniTab v.18.1 to extract any significant
differences between the samples. To analyse the variance between the samples, a
one-way ANOVA was carried out at significance level of p<0.05, with the null
hypothesis that all the sample means were equal. The resulting significance value
was p<0.001, meaning that the null hypothesis was rejected and that there was a

significant difference between the sample means.

In order to determine where the variance occur red between the samples a post-hoc
Tukeyds test was conduct ewnbeconiparisanstabde mad&vs mul t
reducing the type | error in comparison to completing multiple pairedt  -tests that

would have compounded the false positive error rates.

Tukeyds simultaneous comparison of 95% conf
compare the difference of the means between all the samples tested. In  Figure 34

any Cls that span over zero are not significant. The further the interval wa s

positioned from the zero line , the greater the significance . Therefore, the top 2

most significant differences of means we re the control against 300 nM ELand 300nM

EL-AgHA conjugate samples These data reflect the difference observed in Figure

33 and are expanded upon in Table 5 and Table 6.
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If an interval does not contain zero, the corresponding means are significantly different.

Figure 34 Tukey's 95% confidence intervals, difference of means of viability. Cont rol
(DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt conjugate, 300 nM EL, 100 uM
EL (death control) on HCC827 cells.

Table 5 demonstrates the results from Figure 34 more concisely by grouping the
samples to highlight the most similar viability means. Here all of the controls (DMSO,
AgHA and AuCt NPs) are grouped with AuCt conjugate as group A.This indicates that
AuCt conjugate has little to no effect on the cells, much like the controls. Then
AgHA conjugate and 300 nM EL were together as group B, the treatments which

affected cell viability. The groupings made a distinction between those treatments
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that had an observable difference on the cells i.e. the top 2 most significantly
different samples and the rest which did not affect the cells. The mean values are

listed in the grouping information Table 5 and the pooled SD was + 13.2. The
groupings data can be analysed further by assessing the P-values at the individual

confidence level tabulated in Table 6.

Table 5 Grouping Information for Viability Using the Tukey Method and 95% Confidence
Interval. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt conjugate,

300 nM EL, 100 uM EL (death control). Group A differ significantly from group B.

Factor N Mean Grouping*

DMSO Control 3 100.00 A

AgHA 3 98.61 A

AuCt 3 95.08 A

300 nM AuCt 3 91.42 A

300 nM AgHA 3 28.89 B

300 nM 3 22.30 B
*Means that do not sha re a letter are significantly different.

Table 6 details the P -values for each pairwise comparison that was assessed during
t he Tuk e-hot snalysis, she individual confidence level of each pairwise
comparison was 99.43% The table h as been colour coded to show the significance
levels of each comparison, where any significance was found: p<0.001 in red (0.1%
false positive rate), p<0.010 in orange (1% false positive rate), and p<0.050 in green
(5% false postive rate). Th e trend observed was that any comparisons involving 300
nM EL or the EL-AgHA conjugate produced a significant result, all being p<0.001. In
fact, a majority we re p<0.0005 which was a 0.05% false positive error rate and shows

that the results we re highly st atistically significant.

Table 6 Tukey's simultaneous tests for difference of viability means, adjusted P -
values. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt conjugate,
300 nM EL.

Control (300 nMEL| AgHA |AgHA Conj| AuCt |AuCt conj
Control
300 nM EL| 0.0001
AgHA 1.0000 | 0.0002
AgHA Conj| 0.0003 | 0.9879 | 0.0003
AuCt 0.9968 | 0.0002 | 0.9994 | 0.0006
AuCt conj | 0.9628 | 0.0004 | 0.9824 | 0.0009 |0.9992 |
P-value key Individual Confidence Level = 99.43%
p<0.001 | p<0.010 | p<0.050

To conclude on the Trypan bl ue viability counts of HCC827 cells and the statistical
analyses carried out, the only test treatment that did not have a significant effect

on the cells was the AuCt conjugate. None of the controls had a significant effect

on the cells which all measured around 100% viable(DMSO, AgHA NP and Auct NP)
Both 300 nM ELLAgHA conjugate and free 300 nM EL were effective in killing and
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preventing proliferatio n in the HCCB827 cell line that wa s sensitive to EL This means
that 300 nM ELLAgHA conjugate and 300 nM Elwere not only stat istically significant ,
in their difference, but they we re more importantly biologically significant in their
anti -proliferative and killing effect on the cancer cells compared with the ne  gative
control. AuCt conjugate wa s neither statist ically nor biologically significant ly
different to the control. Th is would suggest that the ELwas either not bound to the
AuCt at as high a concentration init ially and therefore a lower dose was delivered
to the cells, or that the ELhad too high an aff inity for the AuCt NPsurface and was
not r eleased within the cell. If EL wa s not released from the NPs, to allow the active
site to bind to the TKD of the EGFRit would have no anti-proliferative action or

effect on killing the cells.

Moving forward however, these data have no images to uphold the validity of the
numbers, as they were manually counted with no further evidence to validated
accuracy. Therefore, it was decided not to continue with this labour intensive
method and to instead use the live/dead fluorescent cell imaging that could be
quantified using ImageJ and images included as proof of where the numbers

originate from.

4.5.3 Live/Dead Toxicity Assay

| nvitrlolg\B/6BEADE Vi abi | iwasyuse@ to assdsotheiviakility y
of the cells. On a n individual cell basis, there are no artefactual fluorescent effects
seen upon imaging, unlike the whole population based cell viability micro well  -plate
fluorescent assays. Hence, the justification for using the LIVE/DEAD me thod on the
cells containing NP and conjugate samples. Cells were plated as described in 2.3.6
where cells were incubated for 72 hours with a DMSO vehicle control, AgHA NPs,
AuCt NPs, 300 nM EtAgHA, 300 nM ELAuCt, 300 nM ELor death control 100 uM EL.
Cells were observed at timepoints of 4 hours, 24 hours, 48 hours and finally 72 hours.
This image based assay wa in the absence of an unbiased micro well -plate based
assay, the 72 hour time point was selected as an end point for quantification , as EL
is an anti -proliferative drug and it allowed several cell cycles to occur. Essentially
this lower throughput method was used as an alternative to Alamar blue that was

used for the cell characterisations with the free-EL

Figure 35 is a representative merged fluorescent image montage of all the
treatments at 72 hours for HCC827, the EL sensitive cell line, green wa s calcein
stained live cells and red are ethidium bromide stained dead cells, both merged
with bright field for cell delineati on. The images presented clearly show that all the
AgHANP (D) and AuCt NP(B) metal controls have a similar cell numbert o the DMSO

Ki

t
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control (F), which had perhaps suffered slightly from the DMSO vehicle control
incubation as there wa s more red (dead) staining. In other words, DMSO usedo
suspendthe ELwas more harmful than the presence of NPs. This was hard to judge
by eye and would become clearer from quantification and perhaps the set of

samples should be split further and have the metals as respective controls, as
opposed to having the DMSO control as the 100% viability level for all samples. In
future , a lower v/v percentage of DMSO could be used as the vehicle to deliver EL,

however this needs investigated carefully for solubility reasons.

Comparisors drawn between the AgHA NP and AuCt NP metal controls and their
respective EL treatments indica ted that the AuCt conjugate (A) was less effectual
than the AgHAconjugate (C). There wa s greater live staining and hence more cells
present for the AuCt NPconjugate (A) than in the AgHAconjugate, which had few
live cells and signs of many dying red stained cells (C). Both  AgHANPsand AuCt NPs

have almost zero evidence of dying cells or impact on proliferation.

Finally, and most importantly , were the comparisons between the conjugate based
delivery and free-ELD s ee dnfthe cells viability. It wa s clear that the free-ELhad
the greatest impact on cell number and health than either of the conjugates.

Mentioned earlier in this discussion , it could be partly due to a greater level of DMSO
than in the conjugate samples. This wa s because the conjugates were washed to
remove any unbound ELand there was only trace amounts of DMSO in their samples.
The EL was definitely responsible for the greatest portion of cell de  ath as there was
only one cell observed in all the 100 uM EL (G) samples amongst much cell debris in
all the 27 fields of view imaged, which far exceeds the kill effect of the DMSO

control.

To summarise: neither Au or Ag NPs affect cell health at the conc entrations present
in HCC827 cells, the AgHA conjugate exerted an anti -cancer cell effect that was
greater than its control, the AuCt conjugate does not appear to be effective at all,
the DMSO control had impaired cell health slightly but the 300 nM EL fre e-drug was
the most effective treatment at destroying the cells and preventing new cell
growth. 100 uM EL was aneffective death control for the HCC827 EL sensitive cell

line.
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Figure 35 Representative montage of Live/Dead stain  ing with Calcein AM/EthD Br -1
(Green/Red) of HCC827 cells treated for 72 hours with (A) 300 nM EL AuCt conjugates,

(B) AuCt NPs, (C) 300 nM EL AgHA NPs, (D) AgHA NPs, (E) 300 nM EL, (F) DMSO control
and (G) 100 pM EL death control. Scale bars 100 pm.

The live/dead fluorescent images were quantified by setting the scale in Fiji (Image
J) and using the freehand tool to outline the stained areas and count the total
surface area of live and dead cells per sample in 3 fields of view that were composed
of 9 stitc hed image acquisitions. Ultimately a total of 27 fields of view were
measured per sample.'®'!* Each set of counts were normalised to the respective

DMSO control as 100% and plotted as a bar chart using Excel.

The results of quantification in Figure 36 reflect the conclusions made qualitiatively
from the images. That the DMSO control was indeed lower than the counts for the
AuCt NP and AgHANP samples when the SD was taken into account. D espite claims
that silver i s toxic to ce lls in the literature , it was not the case in these cells at the
concentration of AgHA NPsused."**>! The most obvious trend was that 300 nM EL,
100 pM EL and EtAgHA conjugates all had an effect on the cells compared to the
respective controls and the only EL related treatment which did not display this
result was the EL-AuCt conjugate. The AuCtNPsand AuCtconjugate had comparable
levels of cell viability , however, the error bars were large and this wa s due to one
sample in each being different to the remaining 2 which were s imilar. Repeating

the test with more biological replicates would avoid the problem of large error bars.
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Figure 36 Quantification of the area of live
cells treated by DMSO vehicle control,
AuCt).

-dead cells of HCC827 lung adenocarcinoma
EL, conjugates (AgHA & AuCt) and NPs (AgHA &

Statistic al analyses were performed as outlined in 2.3.4 and further explained in

the last section of the Trypan blue counts.

The one-way ANOVA set a null hypothesis of no difference of the means of viability.

This was rejected as p<0.05 indicatinga si gni fi cance

hoc analysis was conducted as per2.3.4.

Tukeyds si mul

compare the difference of the means between all the samples tested.

taneous

compar.i

was f o-und

asfuse® td %
Any Cls that

son

span over zero are not significant . The significance of a sample wa s greater the

further the interval wa s positioned from the zero line. Therefore

, the top 3 most

significant differences of means we re AgHA NPs with 300 nM EL,300 nM ELAgHA
conjugate and 100 uM EL. These data reflect the difference observed in the images

in Figure 35 and the quantifications in Figure 36. These differences are expanded

upon in Table 7 and Table 8.

300 nM EL - Control{

AgHA - Control

AgHA Conj - Control 4
AuCt - Control ;

AuCt conj - Control {
100 - Control {
AgHA - 300 nM EL
AgHA Conj - 300 nM EL -
AuCt - 300 nM EL {

AuCt conj - 300 nM EL {
100HIA - 300 nMEL {
AgHA Conj - AgHA -
AuCt - AgHA -

AuCt conj - AgHA |
100k|IJ\ A HA-
AuCt HA 1
AuCt conj - AgHA Con 1
100 - AgHA Con{-
AuCt conj - AuCt+
100&1& AuCt -

100 pM - AuCt conj

-200

-100

100 200

If an interval does not contain zero, the corresponding means are significantly

Figure 37 Tukey's 95% confidence intervals, difference of means. Control (DMSO
vehicle), AgHA, AuCt NP, AgHA NP conjugate, AuCt conjugate, 300 nM EL, 100 uM EL

(death control) on HCC827 cells.

and

conf
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Table 7 demonstrates the results from Figure 37 more concisely by grouping the
samples to highlight the most similar samp les. Here, all of the controls we re
grouped with 300 nM ELAUCt conjugate as group A. Then 300 nM ELAgHA
conjugate, 300 nM EL and 100 uM EL wee grouped together as group B. This made
a distinction between those treatments that had an observable differenc e on the
cells i.e. the top 3 most significantly different samples and the rest which did not
affect the cells. The mean values were listed in the grouping infor mation table and
the pooled SD was +22.8. The groupings data was analysed further by assessingthe

P-values at the individual confidence level stabulated in Table 8.

Table 7 Grouping Information Using the Tukey Method and 95% Confidence Interval on
HCC827 cells. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt
conjugate, 300 nM EL, 100 puM EL (death control). Group A differ significantly from
group B.

Factor N | Mean | Grouping *
AgHA 3 | 125.57 A
Control 3 | 100.00 A
AuCt 3| 92.20 A
AuCtconj | 3| 78.70 A
100 pM 3| -0.25 B
300nMEL | 3 | -4.25 B
AgHA Conj | 3 | -8.70 B

*Means that do not share a letter are significantly different.
Table 8 details the P -values for each pairwise comparison that was assessed during
t he Tuk e-hod snalysis, she individual confiden ce level of each pairwise
comparison was 99.58%. The tablewas colour coded to show the significance levels
of each comparison, where any significance was found: p<0.001 in red (0.1% false
positive rate), p<0.010 in orange (1% false positive rate), and p<0 .050 in green (5%
false positive rate). The trend observed wa s that any comparisons involving 300 nM
EL, AgHA conjugates or 100 uM EL producd a significant result, with a majority of
these being p<0.001, several being p<0.010 and one being p<0.050.

Table 8 Tukey's simultaneous tests for difference of means, adjusted P -values for
HCC827 cells. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt
conjugate, 300 nM EL, 100 uM EL (death control).

Control 300 nMEL, AgHA AgHA Conj| AuCt |AucCt conj

Control

300 nMEL | 0.0010

AgHA 0.8060 | 0.0001

AgHA Conj | 0.0007 A 1.0000 | 0.0001

AuCt 0.9990 | 0.0020 | 0.5730 @ 0.0010

AuCt conj | 0.9040 | 0.0080 | 0.2250 | 0.0050 |0.9890

100 pM 0.0010 | 1.0000 | 0.0002 0.9990 |0.0030| 0.0110
P-value key Individual Confidence Level = 99.58%

p<0.010]| p<0.050

p<0.001
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To conclude on the live dea d staining of HCC827 cells and the statistical analyses
carried out, the only test treatment that did not have a significant effect on the
cells was the AuCt conjugate. Both AgHA conjugate and free 300 nM EL were
effective in killing and preventing prolife ration in the HCC827 cell line that wa s
sensitive to EL This means that AQHA conjugate and 300 nM EL are not only
statistically significant but they are biologically significant in their anti -proliferative
and killing effect on the cancer cells compared w ith the negative control. AuCt
conjugate is neither statistically nor biologically significant to the control. Th is
would suggest that the EL was either not bound to the AuCt NPsat as high a
concentration initia lly and therefore a lower do sewas delivered to the cells, o r that
the EL had too high an affinity for the AuCt NP surface and is not r eleased within
the cell. If EL wa s not released from the NPs to allow the active site to bind to the
TKD of the EGFRit had no anti-proliferative action or effect o n Kkilling the cells.
The live/dead cell data concurs with the basic Trypan blue viability counts.
Therefore, the live/dead assay wa s deemed reliable and was also used to investigate

the treatments on the EL insensitive cell line H1355.

The method used for the HCC827 cells to carry out the live/dead assay in this section
was replicated for the H1355 EL insensitive cells.

Figure 38 is a representative merged fluorescent image montage of all the
treatments at 72 hours for H1355, green was calcein stained live cells and red we re
ethidium bromide stained dead cells, both merged with bright field for cell

delineation.

The images presentedin Figure 38 had less cells overall than the HCC827 experiment
and this was likely due to the fact that the cell doubling time is slightly | ~ onger and
over 72 hours this had resulted in less cells in all the samples. Given the lower levels

of constitutively active EGFR (which promotes proliferation) in H1355 compared to
HCC827 as seen in Figure 29 this is not an unexpected result . From the images,
there we re 4 samples that look ed similar and viable from the green staining , these
were: A) 300 nM ELLAuCt conjugate, B) AuCt NPs, E) 300 nM ElL.and F) DMSO vhicle
control. The samples which ha d suffered from cell death illustrated by few cells and
red dead cell staining were: C) 300 nM ELAgHA conjugate, D) AgHA NPsand G) 100
UM EL deathcontrol. The silver samples had few cells remaining whether it be the
EL-conjugate or bare NPs, this ind icated a sensitivity to the NPs themselves at this

concentration, as opposed to the drug. The H1355 cells were clearly less tolerant

of the NPs than the HCC827 cellswere, however since a majority of the study ha d

already been conducted with the NPs at this concentration , these were used for the
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remainder of the study. This wa s because one of the most important aim s was to
investigate the effects of nanodelivery on the sensitive cell line EGFRn+ and that

H1355 cells were simply acting as an EGFRvt control. Sample G) the 100 uM EL
death control, had not responded as completely to the treatment as in the HCC827
cell line. However , there we re 2 reasons for this: firstly the cells we re less sensitive
to EL and secondly that the drug appeared to form some small crystals in this

sample. In hindsight, a standardised death control should have been used on both
cell line s, such as a large concentration of staurosporine, had it been available at

that point .

Comparisons cannot be made between the 300 nM ELAgHA conjugate and the 300
nM EL-AuCt conjugate as the silver killed the cells on its own as bare NPs , therefore ,
any effect from the EL-AgHA conjugate was not due to the effects of EL . The cells
responded to extremely high levels of EL but this would appear to be equal to the
effect of silver. The 300 nM EL does nd seem to affect the cells much m ore than
the DMSO control. The EL-AuCt conjugate was maybe slightly better at killing the
cells than the bare AuCt NPs but this would requir e further analysis. Therefore , the
areas of live-dead cells were normalised to the control and charted for a more

quantitative representation of the data

0 pym 100

0 pm 100

Figure 38 Representative montage of Live/Dead staining with Calcein AM/Et hD Br-1
(Green/Red) of H1355 cells treated for 72 hours with (A) 300 nM EL AuCt conjugates,

(B) AuCt NPs, (C) 300 nM EL AgHA NPs, (D) AgHA NPs, (E) 300 nM EL, (F) DMSO control
and (G) 100 pM EL death control. Scale bars 100 pm.

The results of the areas measured for |ive-dead cells is charted in Figure 39. Here,
more quantitative details we re revealed than in the qualitative images of Figure 38.
The bar chart shows that: 300 nM EL sample hada slightly lowe r viability than the

DMSO control, both the silver samples were clearly affecting viability, 300 nM EL
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AuCt conjugate had a similar effect on the cells as the 300 nM EL free-drug
treatm ent, and the death control showed similar levels of cell death as the s ilver

treatments.

To treat the data the same as the HCC827 cells, statistical analysis was carried out.
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Figure 39 Quantification of the area of live -dead cells of H1355 lung adenocarcinoma

cells treated by DMSO vehicle control,  EL, conjugates (AgHA & AuCt) and NPs (AgHA &
AuCt).

Statistical analyses were performed as outlined in 2.3.4 and further explained in

the last section of Trypan blue counts.

The one-way ANOVAwas set with a null hypothesis of no difference of the means of
viability. This was rejected as p<0.05 theref

post-hoc analysis was conducted as per2.3.4.

Tukeyds simultaneous compari son wasfuse®dth % conf
compare the difference of the means betw een all the samples tested. A ny Cls that
span over zero are not significant. T he significance of a sample was greater the
further the interval wa s positioned from the zero line. There was a definite tren d
from Figure 40, whereby any sample pairwise comparisons including AgHA NP,EL-
AgHA conjugate or 100 uM ELwere observed around the 100™ percentile of the 95%
Cls. The samples comparingany of DMSO control, AuCtNP, 300 nM ELor EL-AuCt
conjugate were either spanning the zero line as not significant or adjacent to the
zero percentile line . Consequently, DMSO, AuCt NP, 3000 nM EL orEL-AuCt
conjugate were not as highly significant as AgHA NP, AgHA conjugate or 100 uM EL
against the other treatments . To resolve this furth er, the significant differences

were compared in a groupings information Table 9.
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300 nM EL - DMSO Control
AgHA NP - DMSO Control ——
AgHA Conj - DMSO Control —_—
AuCt NP - DMSO Control
AuCt Conj - DMSO Control
100 pM EL - DMSO Control ——
———
L
e —

L.

|

AgHA NP - 300 nM EL
AgHA Conj - 300 nM EL
AuCt NP - 300 nM EL
AuCt Conj - 300 nM EL
100 pM EL - 300 nM EL
AgHA Conj - AgHA NP
AuCt NP - AgHA NP
AuCt Conj - AgHA NP
100 pM EL - AgHA NP
AuCt NP - AgHA Conj
AuCt Conj - AgHA Conj
100 puM EL - AgHA Conj
AuCt Conj - AuCt NP
100 pM EL - AuCt NP ——
100 pM EL - AuCt Conj D ——

-100 -50 0 50 100

If an interval does not contain zero, the corresponding means are significantly
different.

o

Figure 40 Tukey's 95% confidence intervals, difference of mean s. Control (DMSO
vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt conjugate, 300 nM EL, 100 uM EL
(death control) on H1355 cells.

Table 9showedt he means and the groupings imdor mat.
comparisons, the pooled SD weas + 5.27. The groupings data was more complex than
for the HCCB827 cell line, presumably due to the EL insensitivity and silv er
sensitivity. Group A contained DMSO control and AuCt NP contro] which left the
cells viable. Group B matched AuCt NPsand 300 nM EL, the reason for this grouping
was nat so clear and perhaps would not exist if more replicates were assessed.
Group C contained 300 nM EL and the EL-AuCt conjugate, which both affected the
cells viability slightly, 84.52% and 75.35 % respectivdy. Group D contained all the
treatments which effectively killed the cells, these were AgHA NPs, EL-AgHA
conjugate and 100 uM EL. To further explore the statistical analysis , the individu al
P-values were tabulated and a re seen in Table 10.

Table 9 Grouping Information Using the Tukey Method and 95% Confidence Interval on

H1355 cells. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt
conjugate, 300 nM EL, 100 uM EL (death control).

Factor N Mean Grouping*

DMSO Control 3 100|A

AuCt NP 3 97.94 A B

300 nM EL 3 84.52 B C
AuCt Conj 3 75.35 C
AgHA Conj 3 7.199 D
100 pM EL 3 4.05 D
AgHA NP 3 1.04 D

* Means that do not share a letter are significantly different.
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Table 10liststheP-val ues f or each pairwise co-hggari son

analysis, the individual confidence level was 99.58%. The table was colour coded to
show the significance levels of each comparison, where any significance was found:
p<0.001 in red (0.1% false positive rate), p<0.010 in orange (1% false positive rate),
and p<0.050 in green (5% false posiive rate). The trend observed wa s that any
comparisons involving AgHA NPs EL-AgHA conjugate or 100 pM EL produced a
significant result with a p<0.001. Moreover, the significance level of most we re
extremely significant at p<0.00002. The statistics indicate d that the only non -
significant comparison to DMSO control was AuCt NPs. Additionally, 300 nM EL and
EL-AuCt conjugate had some effect of partial killin g on the cells, granted there was
a significant difference within the 300 nM EL and EL-AuCt conjugate pairing too.
This significant difference suggestedthat one had a better efficacy, from Figure 38
it appeared to be the EL-AuCt conjugate that wa s more effective. Care was taken
to draw the correct comparisons and the relevant controls were considered. For
DMSO controlversus 300 nM EL there was a p<0.03592 and for Au@ NP versus AuCt
conjugate there wa s a p<0.00183, this suggested that EL-AuCt conjugate was more
effective than free-ELin H1355 cells. However, caution should be exercised, as this
experiment was only 1 biological replicate and it ha s already been stated that it

would benefit from being seeded at a greater density of cells on day 0.

In future , a greater cell number should be used for the H1355 cells to give a more
accurate representation of the effects on the cells from the treatmen ts. In
summary, the H1355 cells were sensitive to the concentration of silver NPs used in
this experiment, the 300 nM EL. The 300 nM ELAuUCt conjugate had a statistically
significant effect on the viability of cells compared to the other treatments,
although a majority of cells w ere still viable. TheThe greatest cell death was
observed in 100 uM EL, AgHA NPs and AgHA conjugate.

Table 10 Tukey's simultaneous tests for difference of means, adjusted P -values for
H1355 cells. Control (DMSO vehicle), AgHA NP, AuCt NP, AgHA conjugate, AuCt
conjugate, 300 nM EL, 100 uM EL (death control).

Control 300 nM ELL AgHA AgHA Conj| AuCt  AuCt conj

Control
300 nMEL |0.03592
AgHA 0.00002 | 0.00002
AgHA Conj | 0.00002 0.00002 |0.77674
AuCt 0.99875 0.08398 |0.00002 0.00002 _

AuCt conj |0.00080  0.38605 (0.00002 0.00002 | 0.00183

100 pM EL | 0.00002 | 0.00002 |0.99045 0.98782 | 0.00002  0.00002

P-value key Individual Confidence Level = 99.58%

p<0.010] p<0.050

p<0.001
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4.6 Summary

In conclusion to chapter 4: the cell viability tests, pEGFR distribution in  IFAs and
pPMEGFR quantities from Western blot, all correlate d to reflect the same resulti n
terms of efficacies of the cell treatments. The cells were shown to be infection free
and their identity was authenticated, both cell lines possess constitutively active
EGFR. Afterwards, this chapter gave an insight into the cytotoxicity and efficacy of
the conjugates, EL and bare NPs on the two cell lines. The AuCt conjugates were
ineffectual, where as the AgHA conjugates hadan impact on phosphorylation status
and cell viability that wa s similar to free-EL Statistical analysis robustly supported
that AgHA conjugates and free-EL were significantly better at killing cells and
preventing proliferation than the AuCt conjugates in the HCC827 cell line but not in
the H1355 cell line.

Additionally , it was discovered that at the concentrations of NPs used that the cell
lines responded differentially. HCC827 was unaffected by NPs alone but H1355
viability was severely affected by AgHA NPs. The 300 nM ELAuCt conjugate and 300
nM EL were shown to affect the viability of the H1355 cells, however insufficient
seeding density of the cells mean that caution should be used before reporting this

further.

It was established that the sensitive model cells respond ed to free-ELand EL-AgHA
conjugate treatments (addressin g the efficacy aim), the scene wa s set to carry out

uptake and imaging studies to address the SERS imaging aimTo characterise spatio-
temporal distribution of EL intracellularly and to determine whether EL -NP

conjugates can improve the efficacy compared to free-EL
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Chapter5 3D  SERS Characterisation &
Correlative U ptake Studies

0Ask the right questions, and nature will the open the doors to her secrets . 6
Sir C.V. Raman, Nobel Prize in Physics 1930, 18881970

5.1.1 Introduction

Nanomedicine is a burgeoning field aiming to increase drug efficacy, by perturbing

diseased cells in a more targeted ma nner with existing drugs. This i s achieved by

delivering a greater drug load on the NPs | arge surface area to the less structured

6l eakyd cancer cells for exampl e. Subsequent
leading to less side-effects for the patient. However, it is difficult to determine

release of drug molecules in situ, or visualise this in real time, non -destructively.

Pre-clinical drug development studies could benefit from combining the
visualisation of the drug intracellularly, with observing the release of the treatment
from the NPdelivery vehicle. Therefore , alive cell, higher throughput system would

be advantageous.

Overall this chapter aimed to understand the distribution of unlabelled EL
conjugates, within the cell by Raman interrogation, to be confirmed by multiple
correlativ e techniques. The drug release was investigated spectroscopically over

time, in vitro, in both fixed and live cells.

To address the aim of characterising the spatio -temporal distribution of ELin cells,

3D confocal SERS microscopy was used to achieve this goal of mapping the
conj ugat e fularlot alidatrom The Lptake wa s also confirmed by SEM, TEB/
and ICRMS. TheEL loading was investigated by LC-MS and release wa explored by

pH studies, IFAs for lysosomes and DF microscopyfor NPs.
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5.2 Imaging SERS Uptake StudyIn Vitro Fixed Cells

The aim of this section was to image cells in 3D to ascertain the intracellular
distribution of EL conjugates. In order to do so, the limit of diffraction and spatial
resolution needed to be calculated, to understand the capabilities of the Raman
microspectrometer ins trumentation. The lateral (x,y) dimensions and axial (z)
dimension have different spatial limits due to the diffraction barrier. This
determines the ability to delineate an object side by side (lateral) and within a
depth profile (axial). These were calculated from the A b b e diffraction limit
Equation 2 and Equation 3, where © | & tateral resolution, ©1 d&staxial resolution,
numerical aperture is ( N A) is theRvavelength of excitation source and n is the
refractive index of the media used for immersion, in this case water at 1.33. 146
These were calculated for the Nikon 60x/1.0W DIC N2 NIR Apo water immersion
objective used during these confocal studies with 633 nm laser excitation to be 393
nm and 1684 nm for lateral and axial resolutions respectively. These are of course
theoretical values and in practice the limits are actually larger. There was no
benefit to going lower than step sizes of 0.5 um laterally or 2 um axially , asitwould

then have been oversampling and inefficient use of the instrument time -wise.

b od 1 Qi ¢ achdTQé & oXch 6
Equation 2 Lateral resolution
dbodi i Qi £ adI0 DOVGET U O ¢
Equation 3 Axial resolution

Test studies were carried out initially , to assess these boundaries and compare
regular mode with confocal mode whilst using the pinhole in to be truly confocal.
There was a weaker signal with confocal mode and the pin hole in, and it also
created a map of signal that was contained within a sensible cell size limit i.e. <20
pum. Whilst using the regular mode, the depth of signal would carry over to be many
tens of microns deep, which was art efactual , as cells are generally no more than 20
um. When adhered to a substrate, such as a coverslip they were in fact more
compact in the axial dimension, usually around 10 -15 um of depth. Finally, in the
confocal mode with the pinhole in using water to immerse the fixed cells and
objective , the step sizes selected were 1 um laterally and 3 um axially as optimal

parameters.

The conjugates were functionalised for the cell incubations as described in  2.1.2,
and the SERS signal bthe conjugates were always assessed before introducing to
the cells as mentioned in 2.5.1. The cells were prepared for the SERS mapping

experiments as per method section 2.3.2 and Raman maps wereacquired as detailed
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in 2.5.2. The cells were incubated with the AgHA and AuCt conjugates and control

NPs for 0.5, 2, 4 and 24 hours to assess the uptake and EL release.

Briefly, the maps were acquired at 0.3 s at 10% power wi th a 633 nm excitation
source. This was to balance signal intensity, against both the timely acquisition of
images and ablation of cells containing particles resulting from the photothermal
effects. Each map was created around an individual cell with a 1 p m lateral
resolution and the depth pr ofile was 15 um composed of 5 Z-slices. The bright field
image was in the centre with 2 Z -slices Raman mapped above and below that focal
plane in 3 um increments. The water helped to dissipate the laser power and
prevent burning that was exper ienced through an air objective. T he water
immersion objective had a higher NA and hence a better resolved imaging potential
too. Despite focussing initially on AgHA and traditionally 532 nm interrogation
source being used to match the SPR band for the optimum SERS signal, the laser line
selected here was the 633 nm wavelength. This was because the lower energy,
longer wavelength prevented the issue of cell burning, plus it was better for the

AuCt sample comparisons.

The Raman vibrations of interest were: the alkyne stretch of bound EL on the
conjugate at ~ 1985 cm™, when EL was released but close enough to the NPssurface
2100 cm™* was detected indicating free-EL and finally, the context of the cell from

the multiple CH, CH and CH; stretches of lipids ~2850 cm*, DNA and proteins ~2950

cm* ranging from 2800 83000 cny?, 2260146

5.2.1 Exploratory SERS Maps in H1355 Canecerous Lung Cells EL-
Insensitive

SERS maps were initially collected in the H1355 cell line with 300 nM EL -AgHA

conjugates that were incubated for 4 hours and fixed. The spectra were basline

corrected, cosmic rays were removed and then exported to Matlab for processing.

Matlab was used to extract each Z-slice of data and create 2D images of pseudo

coloured maps. The maps display the SERS signal intensity of the peak area of

bound-EL, or more specifically , the bound-al kyne moi et yf6s -2l r at i on

cm* Raman shift.

Figure 41 A) indicates one of the Z-slices processed in Matlab for bound-EL signal
with yellow being most intense signal. To put this into context B) shows the bright
field image of the cell under interrogation and in red is the area that was  Raman
mapped. Figure 41 C) is an overlay of the SERS pseud coloured map onto the area
of the cell mapped. The red circles demarcate the the point spectra selected to

demonstrate th at no singal comes from outside the cell (blue) and the bound EL
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signal inside the cell (orange). Figure 41 D) shows the spectra selected in the map
of C), itis clearly seen that the signal of the bound -EL of ~1985cm™ is from within
the cell. Furthermore, other example cell spectra demonstrate a Raman shift that
matches the vibrations of free -EL. In some casesboth bound and free -EL can be
seen simultaneously and is presumably due to capturing the dynamic process of
release from a cluster of conjugates. Results of other cells are shown in Figure 41
E) displays the SERS signal from the cdloidal conjugate (blue) against an example
cell spectrum (orange) displaying both the bound and free -EL alkyne vibrations. A
further, clearer example is shown in F). Observing free-EL could be explained by
either a high concentration of free -EL in a small membrane bound organelle, or the
EL being released from the NP but still residing within 10 nm of the surface to allow
electromagnetic enhancement . This would be difficult to determine, since free -EL
in the cell cannot be seen until concentrations reach 100 uM as published by EF
Mashtoly et al. .>® The signal in that publication is difficult to see above the noise .
Therefore, the highly localised concentration of EL in the cells of this study, could
be induced by the delivery mode on NP and that is why it would be difficult to
determine the origin of this signal, as a free -EL cortrol would not be useful.

To address the aim of imaging by SERS in 3D, a wual was created within the
Reni shaw I nVia Raman microspectrometeros
the 1940-2040 cmi* peak area above the baseline for the signal intensity . Figure 41

G) is the 3D pseudo-coloured map produced within Wire 4.2. The 3D volume is shown
overlaid above the brigh t field image and the cube delineates the boundaries of the

area mapped. It is observed from the figure that there is signal from within the cell

and that this signal does not enter the nucleus, it displays a perinuclear or

cytoplasmic distribution.

To confirm that the signal was fr om within the cell another SERS map was used to
create a waterfall plot of the average signal per Z-slice, through the axial depth of
the cell in Figure 42. The waterfall plot details that there is more signhal within the

cell than on the top and bottom layers.

In summary, this experiment demonstrates that a SERS signal was detected from
the AgHA conjugate, within the H1355 cells after a 4 hour incubation. The signal
exists within the cytoplasm of the cell . The ELsignal was observed not only when it
was attached to the NP but there was also evidence of free-EL from the alkyne
vibration at ~2111 cm*. The origin of the free -EL signalis difficult to establish given

that it may be due to a highly localised concentration from the conjugated EL

Wi
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delivery method.These data provided enough evidence that a time series would b e

useful to monitor the conjugate uptake and distribution within the cell.

-

5§ 10 15 20 25 30 35 40 45 50 55 60

Data point 12
——— Data point 1098
>

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
Raman Shift (cm™')

AgHA NP-EL 1982
AgHA NP-EL in cell

[ 996

J 2130

1000 1200 1400 1600 1800 2000 2200 2400
Raman Shift (cm™")

-

Bound-EL

Intensity (Arb.)
s 8 S

155

Free-EL

10+

goo 7!1)0 91;0 11l00 13l00 15l00 17l00 19l00 21.00 mloo 25.00 27I00 29100 31100
Raman Shift (cm™")

Figure 41 SERS map of H1355 cell with 300 nM EL -AgHA conjugates incubated for 4
hours. A) 2D pseudo coloured map (X,Y scales are um) created in Matlab o ver peak area
1940-2040 cm-1, B) bright field image of the cell (Scale bar 10 pm.) , C) overlaid pseudo -
coloured map and bright field image, D) SERS spectra of signal on conjugates in the cell

in orange and outside the cell in blue , E) colloidal SERS signal of conjugate blue and
cell SERS signal of conjugate orange, F) cell spectrum with both bound and free alkyne

vibrations, G) 3D pseudo -coloured SERS map from Wire 4.2 sof tware of Renishaw InVia
microspectrometer.
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Figure 42 Water fall plot of averaged SERS signal per Z -slice of map at 2 um intervals
in the axial dimension, overall 22 pum depth.

5.2.2 SERS Mapping of Conjugate Spatio-Temporal Uptake Study

The spatio-temporal uptake of the conjugates were assessed in both H1355 and
HCC827 ell lines, with both bare NP and conjugates for Ag HA and AuCt patrticles,
the incubation periods selected were 0.5, 2.0, 4.0 and 24.0 hours. Under scrutiny
was the volume of the cell occupied by the signal from the bound -EL, free-EL, and
to provide cell co ntext, the CH » signal that is present in DNA, lipids and proteins.
The process of the EL release from the conjugates was examined by observing the
area of the cell occupied by bound and free -EL dgnals. An overview of the SERS
data handling pipeline is det ailed within the flow chart of Figure 43. The workflow
is described here in sequence, with figures cross -referenced that illustrate the
output from Matlab or Wire to provide visuals at each stage.

The need to ascertain the quality of the SERS signal in the 3D maps and review the
vibrational species present was dealt with in the flow 1 in red (Figure 43). The
Raman peaks were analysed within Matlab after exporting image files and the
spectra were acquired from the Wire 4.2 software of the Renis haw InVia Raman
microscopectrometer. Before exporting, the spectra had cosmic rays removed and
baseline correction was applied. The spectra were averaged per Z-slice within
Matlab, to demonstrate the cofoca lity achieved per cell and that the signal was

within the cell body and not on the surface, Figure 44.

Flow 2 in orange (Figure 43) was then followed to understand the quali tative signal
and determine the localisation and uptake over time in 2D and 3D visualisations. To
gain the signal to baseline per peak area, the Wire software was used to provide a

graphical overview image in Figure 45, which aided i n signal thresholding in flow 3.
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Flow 3 in green (Figure 43) demonstrates the quantitative calculation made on the
EL-conjugate uptake over time. A Matlab coding script was created by Dr. Lauren
Jamieson to meet the requirements of the author. To determine the proportion of
the cell that the bound -EL, free-EL and CH cell context Raman vibrations occupied.
The first basic output of this script is displayed in Figure 46 as the sum total of SERS
signal (i.e. instensity from across the full spectrum) per slice and the bright field
image was added for context . Images were saved at each step to show the original
image size, the scaled image to the pixel size of the map acquired, and the intensity
of each peak of interest per Z -slice as in Figure 47. Before this however, the correct
threshold of signal above noise had to be ascertaine d to use against all Raman maps.
An example of the thresholding conducted withi n Wire, before applying it within
the Matlab processing, was montaged in Figure 45. Areas of the masked cell shape
with signals that exceeded the threshold requiremets for signal above noise, were
used to calculate the percentage of each slice area with each SERS signal(bound-
EL, free-EL, CH cell components). The percentage of the total cell volume with
each SERS signaWere calculated as a measure of cell uptake of conjugates over
time for AgHA and AuCt conjugates and the bare control NP uptake from the cell
context vibrations ( Figure 50, Table 11). Finally, comparisons were drawn of
percentage normalised signal of each molecular vibration to track the uptake of
conjugates and then re lease of EL over time for both conjugate types ( Figure 51,
Table 12).

Now that the workflow from Figure 43 has been explained, the results from the
figures produced are discussed in turn, starting with the first step of averaging all

spectra per slice and considering the overall quality of spectra fr om the cell.
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Figure 43 SERS data process pipeline: an overview of quality checks (flow 1inred) , 2D
& 3D visualisations (flow 2 in orange) and quantification of NP uptake (flow 3ingreen) .























































































































































































































































































































































